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Summar

Energy derived from nuclear sources can be utilized either
in the form of high energy radiation, thermal energy or electrical
energy. Each of these energy forms can be employed to produce
non-fossil chemical fuels by transformation of available non-
fossil substances. As a general definition, available non-
fossil fuel substances are all resources other than coal, petrol-
eum, or natural gas. Thus the substances that can serve as raw
materials for nuclear energy conversion to non—-fossil chemical
fuels, are basically the substances found in water, air, and
minerals. :

High energy radiation from nuclear fission can be utilized
either directly as fission fragment energy in a chemonuclear
reactor or indirectly as neutron, gamma, and beta energy from
isotopic sources. Fission fragment energy is actually the only
radiation energy source that can be generated in sufficient
quantity and at low enough cost of be considered for production
of fuels. The two basic fuels that can be generated are hydrogen
fram water and carbon dioxide, and carbon monoxide from carbon
dioxide. The hydrogen and carbon monoxide can be used as fuels
or can be subsequently converted to high BTU gas or other liquid
hydrocarbons. The main difficulties with fission fragment chemo-
neclear systems are obtaining sufficiently high yields of fuel
gases and demonstrating that a fuel essentially free of radio-
active fission fragments can be produced.

Thermal energy from nuclear fission in the form of steam or
a high temperature gas stream such as helium can, conceivably,
be used to crack water to hydrogen and carbon dioxide to carbon
monoxide. Carbon dioxide can be derived from thermal de-



composition of limestone or by extraction from the atmosphere.
However, the temperatures. are too high to allow safe operation of
the nuclear reactors required for these processes with the
materials of construction generally available. Nuclear thermal
energy can be used to preheat streams and makeup heat balances
and to gasify coal and thus, although not strictly a source of
non-fossil chemical fuel serves to partially extend the supply
of non-fossil fuel.

Nuclear based electrical energy derived from standard steam

~and gas power cycles or from more advanced cycles such as MHD

can be utilized to power electrolytic cells or electric dis-

charges. 1In electrolytic cells, water can be used as a primary

source of fuel or converted to a number of other fuels including
ammonia, methanol, methane, hydrazine, acetylene, and others. 1
The electric discharge can also be employed to decompose water

and carbon dioxide, however, this process is usually less

efficient than electrolysis. Aluminum, magnesium, and other

reactive metals can be electrochemically produced and used as

fuels. }

Probably the most practical source of nuclear based non- /
fossil chemical fuels is the nuclear fission reactor powered
electrolytic decomposition of water to hydrogen.

Another class of non-fossil fuels are the boranes, and i
silanes, These can be derived from hydrogen, borax and silica. ‘

In the longer term future it is conceivable that fusion
energy will replace fission as a nuclear source. Generally '
fusion could be applied in similar fashion to the above
processed to produce non-fossil chemical fuels.
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I. Introduction

Probably the best way to set the ground rules for this
Symposium is to define what a non-fossil chemical fuel is.
Very generally a fuel is a substance which when made to react

- releases energy in one form or another. A chemical fuel is

a fuel which releases energy when the fuel is made to undergo a
chemical transformation. A non-fossil chemical fuel is a chemical
fuel which is derived from non-fossil substances. Non-fossil
substances are generally all substances other than coal,

petroleum or natural gas.

Some of the reasons for considering non-fossil chemical
fuels are as follows:

1. Fossil fuels are being depleted at an increasingly
rapid rate. It is estimated that by the end of this century
the U.S. natural gas supplies will be largely exhausted and that
less than 10% of the electrical power generating capacity will
be supplied by oil and gas(10) . The major sources of fuel for
electrical power will be derived from coal and nuclear. O0il
and gas will be mainly used for fueling mobile engines.
Alternate sources of chemical fuels would thus conserve our
fossil fuel reserves.

2., Fossil fuel in the form of natrual gas and oil also
serve the chemical industry for non-fuel purposes. Thus non-
fossil chemical fuels would aid the chemical industry in ex-
tending its reserved of raw materials.



3. Non-fossil chemical fuels would add to the supply of low
pollution fuels. Natural gas and some oil reserves are presently
premium sources of low pollution electrical power.

4, Non-fossil chemical fuels can act as energy storage
systems.

5. It is also possible that more efficient fuels can be
produced from non-~fossil sources.

) In order to produce a chemical fuel from non-fossil sub-
stances, energy is required in the transformation process. Ad-
hering strictly to definition, this energy must be derived

from non-fossil fuels. This restricts the energy sources to'
nuclear, hydroelectric, solar, geothermal, tidal, and meteoro-
logical. From the point of view of long term availability and
intensity, nuclear energy will be the main viable non-fossil
energy source., Nuclear energy at present is derived from
fissionable fuel. In the future, nuclear fusion will also be a
major energy source.

In order for non-fossil substances to be a major source of
raw material for non-fossil chemical fuels the substances must
be readily available and abundant in supply. The raw material
sources, essentially reduce to the following:

l. WwWater - H,0

2. Air C02— 02, N2 and Ar

3. Minerals - limestone, dolomite, bauxite, borax,
and silica.

4. Waste Materials.

Without necessarily going into the actual quantity of CO
existing in the atmosphere, the almost 600 million tons of coal
produced and consumed in the United States annually is released
to the atmosphere as carbon dioxide. There is thus no question
that there is an abundant CO, supply in the atmosphere. It is
an engineering and economics problem to recover the Co, by some

- process for example, either absorption or by cryogenic separation.

A benefit of a COp recovery process might be to maintain the CO
balance in the atmosphere and avoid the possible "greenhouse
effect" of increasing the earth's temperature by infra-red ab-
sorption due to increasing CO, concentrations.
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The reason waste materials are included in the above listing
is that there is a mounting supply and although much of the waste
is derived from fossil fuel, the production of chemical fuel from
waste is not a direct derivation from fossil fuel. For example
part of the co, in the atmosphere is derived from fossil fuel and
it becames available as a non-fossil source of chemical fuel.

other properties that can be ascribed to non-fossil chemical
fuels are:

1. storable

2. Transportable

3. Easily utilized in conventional and non-conventional
engines.

Fossil fuels are essentially reduced chemical substances which
when oxidized in the atmosphere yield exothermic reactions which
is the basis of the fuel cycle. Several prime reactions and energy
releases are as follows:

AH298.2Kca1/mol
C + 0 = CO ) ) —94.0
(s 2(a) 2(9)
H L) = H.0 - -67.9
2 (9) + 02 (9) 27

CHyp2 = (3/2n +1/2)o2 = nC02+(n+l)H20

To produce non-fossil fuels, nuclear energy can be used to
reverse this thermodynamic cycle and essentially the energy is
converted and stored in the form of chemical energy in the chemical
fuels. In another sense, nuclear energy is used to recycle pro-
ducts formed in the utilization of fossil fuels. .

Energy derived from nuclear sources can be utilized either in
the form of high energy radiation, thermal energy or electrical

energy as discussed in the following.

Chemonuclear Reactors

High energy radiation from nuclear fission can be utilized

" either directly as fission fragment energy in a chemonuclear

reactor or indirectly as neutron, gamma and beta energy from
isotopic sources. Fission fragment energy containing 85% of
the energy released in fission is actually the only radiation



energy source that can be generated in sufficient quantity as at
low enough cost to be considered for production of fuels. The two
basic chemical fuels that can be generated are hydrogen from water
and carbon monoxide from carbon dioxide. The following table

" indicates the maximum radiation yield (G values in molecules/100 ev)

and efficiency of conversion for these two systems .
Table 1
A
Hoos.2 G Val‘ées Energy E Thermal
"‘Reaction Kcal/mol max _exp Kwh(t)/lb efficiency %
H.O =H + %0 +57.9 39.9 6 101.5 15.0
2 2 2
(9) {9) {9)
o} = CO + %0 +67.6 34.1 10 4.3 29.4
€0, (@) 2

(g) (9)

Because the fuel gases are generated together, separation from the
oxygen is required., Furthermore, since the thermal efficiency is
not very high, attempts are made to utilize the excess thermal
energy for the generation of electrical power.  However, upper
temperature limits must be imposed to prevent back reactions.

This could act as a restriction for generating power in multi-
purpose chemonuclear reactors. The hydrogen and the CO can be con-
verted by means of the water gas reactions to gaseous or liquid
hydrocarbon fuel.

A
H298.2 Kcal/mol
co + H,.O = CO + H -9.7
2 2 2
(9) _ (9) (g9) {9) :
2H + CO = CH + H_.O -49.4
2 (9) 4 27(9)

(9) (9)

The source of CO_, could either come from the atmosphere
which has an abundant” supply although it is in relatively low
concentrations (0.03% by volume). CO, can also be derived from

. . A 2
. the calcination of limestone.

CaCo, = Ca0 + CO A

3 5 H298.2 =‘43.7 Kcal/mol

A flow sheet of a chemonuclear process for the synfhesis of CO
and subsequently hydrogen is shown in Figure 1.




. the Brookhaven Graphite Research Reactor.

The main difficulties with fission fragment chemonuclear systems
are obtaining sufficiently high yields of fuel gases and demonstrat-
ing that a fuel essentially free of radioactive fission fragments
can be .produced. The development of chemonuclear reactors progressed
to the point of the installation of an 1n-§1le research loop into

Unfortunately the
development was interrupted due to a reduction in funds for main-
taining operation of the research reactor. Potential economic
feasibility was indicated assumlng the technological problems.
were solved.

Thermal Energy from Nuclear Reactors

conventional nuclear fission reactors usually have clad fuel
elements so that the fission fragments are slowed down and remain
in the solid elements. The high intensity energy in the fragments is
degraded to heat and the temperature of the fuel elements rise.
This thermal energy can be used to carry out chemical reactions.
In water type reactors, both of the pressurized or boiling water
type, the fuel element cladding materials are usually stainless
steel. Far long life of the el ements in the reactor, the temp-
erature of the steam generated in the reactor is usually 11m1ted
to ~575°F and 1000 psi pressure.

In the near term future it is expected that the liquid metal
fast breeder .reactors will take over a large part of the nuclear
power economy. These reactors are expected to operate at a high-
er temperature in the order of 1200-1400°F. These temperatures
are too low to Supply energy for producing non-fossil chemical
fuels either by decamposition of water or carbon dloxlde or by
ga51f1cat10n reactlons.

The thermal decompositioh of water requires temperatures in
the order of 5000°F or more to yield over 10% conversion to ‘
hydrogen. - There are no rellable materials of construction for
nuclear reactors that could achieve these thermal conditions. The
highest temperature experimental reactors developed were for gas
turbine conditions in the aircraft nuclear propulsion program.

The materials that were being considered were of the refractory
metal variety including, rhodium and tungsten. However, they

were not expected to generate hlgh temperature gas streams much
above approximately 3000°F. The ultra-hlgh temperature reactor

- experiment at Los Alamos (UHTREX) was a molten plutonium reactor

experiment and was intended to operate below 3000°F;

It appears possible to carry out ga51f1cat10n reactlons
using nuclear heat. Although strlctly not a source of non-
fossil chemical fule, because the gas1f1cat10nvreact10ns are




endothermic, the nuclear heat can be considered as being converted

to non-fossil chemical fuel in a hybrid system.
The coal gasification reactions are as follows:

4 ; i .
H298;2 »Reactlon Temperature

= + H +41.5 1600°F
¢ Cog) * H2(q) _

(s) * Hz°(c)

O., . = 2CO, . T 41.3 1800°F
Cs) * 29 (a) :

The reactlons are endothermlc and require. energy input to
the system.

By means of the water has shift reaction and the methanation
reaction, high BTU pipe line gas can be produced.

AH298.2 Reaction Temperature
co + H,O =H_ -+ €O -9.7
2 2, 2
(9) (g)‘ @) (g)
3" + CO = CH,  + H,0 ~49.4 ' 700°F
4 2 o
2@ @ T4 (9)
. = , -17.9 1000°
Cley * 21, - CHy () 0°F

These are exothermic reactions and usually do not require
any external source of energy.

Normally the endothermic heat of the gasification reaction
is supplied internally by combustion of additional amounts of
coal. In order to prevent dilution of the gases with nitrogen
from the atmosphere, .pure oxygen is used to react with the coal.
By using nuclear heat, oxygen would not be required. From an
overall heat balance an equivanent of approximately 30% of the

fuel gas would be generated from the non-fossil nuclear fuel
source.

Another significant source of non-fossil chemical fuel is
the solid waste generated in either urban or agricultural
communities. For example, urban wastes contain up to 70% com~
bustible material and usually have heating values ranging in
the order of 4000-5000 BTU/1b. Solid waste can also act as a
source of carbon and hydrogen in ga51f1catlon reactions analogous
to the coal reactions given above.

o ean s e A
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The high temperature gas cooled reactors (HTGR)
which are cooled with helium can generate gas temper-
atures in the order of 1600°F. The high temperature helium
stream can be used to indirectly heat the coal gasification
redctor. The fuel elements are made of graphite clad uranium
carbide. It was recently announced (?) that a study of this system
is being initiated. The heat transfer material in the gasification
reactor is a critical factor in the practability of such a system.

s

Table 2 lists a summary of the temperature conditions for

. different power reactors.

Table 2

Temperature Conditions for
Different Types of Nuclear Reactors

Maximum Coolant

Reactor type Fuel element Coolant Temperature
Bioling Water BWR st. st. H20 575°F
Pressurized Water PWR st. st. H20 575°F
IMFBR Reactor Zirconium Na 1000°F
High Temperature Gas Graphite He 1700°F
Cooled Reactor
Ultra High Temperature Molten Pu 30000F
Reactor Experiment
UHTREX
Aircraft Nuclear Tungsten, Air 3000°F
Propulsion Reactor Rhodium

Nuclear heat can also be used to make up heat balances for
hybrid power systems using coal gasification in conjunction with
magnetohydrodynamic power generation. This also can be con-
sidered from the point of view of extending the gas supply using
nuclear.

Another place in the non-fossil fuel scheme where nuclear

- heat can be used is in the calcination of limestone for the

generation of COp, a source of carbon for hydrocarbon fuels.
The reaction takes place at approximately 1500°F and the endo-
thermic heat of reaction is as follows:
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N
H298.2 Kcal/mol

CaCo = Cao + €O -43,7
3(s) () 2(q)

Electrical Energy from Nuclear Reactors

The primary purpose for developing nuclear reactors is to .
generate electrical power. Usually the closed steam cycle (Rankine)
with a turbogenerator is used to produce A.C. electrical power.

The heat is transferred from the reactor to the steam either by

. water, gas or liquid metal heat transfer coolants. The electrical

" power can be conditioned for use as D.C. power in electrochemical
cells to electrolytically decompose water to hydrogen and oxygen.
The hydrogen can either be used as a primary source of fuel or can
be converted to a number of other fuels including ammonia, methanol,
methane, hydrazine, acetylene, and other hydrocarbon fuels.

For producing high BTU pipe line gas by use of nuclear
electric power the sequence of reactions are as follows.

Electrolytic Decomposition Hz°(L)= H

+ 1/20
2
2(9) (9)
CO, Production from air or Air (co,) = co,
2 2 2
(g)
calcination Caco3 = Cao(s) + Co2
(s) (9)
Reverse shift conversion Hz + co2 = Co(g)+ Hzo(g)
(g) (g9) ,
Methanation v - 3H, +CO,, =CH, +BH,O0
2 4 2
@ @ @ . 2@

The coupling of nuclear power reactors with electrochemical
cells has been discussed previously under the nomenclature of
electrochemonuclear systems.(l) They also form the basis for
the multipurpose agro-industrial complex and the Nuplex(4c7)
which have been widely discussed and recently studied in detail.

The electrochemical decomposition of water has been
accomplished in well developed low pressure atmospheric cells
at efficiencies of 60 to 70%. The more recently developed high
pressure cells which operate at pressures of 30 atmospheres or
above can develop efficiencies of 85% as listed in Table 3,
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Table 3

The Electrochemical Decomposition of Water

cell Efficiency KwH/1b H, KWH/MSCF_H»

100% theoretical 17.8 _ 94.5
85% hi-pressure 21.0 112.0
65% low-pressure . 27.4 - 145.5

A flow sheet of the process steps for the synthesis of non-
fossil high BTU methane pipeline gas is shown in Figure 2. The
economics of the process depends strongly on the cost of electrical
power from large nuclear reactors and on the utilization of by-
product oxygen. In the scheme in Figure 2, the oxygen is used for
gasification of coal in an adjoining unit to add to the production
of methane fuel. A host of other uses for by-product oxygen have
been suggested such as in the basic oxygen furnace for production
of steel.

To illustrate the economics of such a process, for a very
large 250 million cubic feet per day high BTU methane fuel gas plant,
an electrical power consumption of 4670 MW would be required to
produce the necessary hydrogen to convert the Co; to CH3. If power
from nuclear units costs 3 mils/Kwh, the cost of electrical power
for hydrogen production is $0.34/MSCF H,. The depreciation on the
electrolytic cell plant could add another 22% to the cost, so that
the electrical cost really dominates the production cost for
nuclear based electrolytic hydrogen.(4) Since 4 moles of hydrogen
are required to combine with 1 mole of CO, to produce CHy in the
above non-~fossil process scheme the cost of product methane
production would be $0.67/MSCF. If a credit of $6/ton of oxygen
can be obtained then a credit of $0.50/MSCF methane results.

Today very large scale oxygen plants might produce oxygen for as
low as $3/ton. Thus combining the lowest nuclear by-product
power in the future with the lowest conventional oxygen credit could
bring the major fraction of the methane production cost down to
$0.42/MSCF. This compares to natural gas today which is rising
above $0.40/MSCF. Gas from projected coal gasification plants is
being estimated at $0.50 to $0.60 MSCF. Of course, today the
above estimates are probably highly optimistic, however, the
possibility of an economically competitive situation may exist

in the future. This depends on a combination of factors, in-
cluding the logistics of multipurpose process systems and the
supply of natural gas. A continuous examination of these

factors could uncover an economically viable application of
nuclear based electrolytic systems.
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Other fuels which can be produced from hydfogen and Co,
either from the atmosphere or by calcining limestone are
listed in Table 4.

Table 4
Fuels Which Can Be Produced from H, and co,
Reaction : . Fuel
Hzo =‘H2 + %02 Hydrogen
'3H2 + N-2 = 2NH3 Ammonia
CO, + 3H, = CH_,OH + H.O Methanol(z)
2 2 3 2
2(th4 = C2H2 + 3H2 Acetylene
2NH, = N.H, + H . Hydrazine

3 274 2

Electrical power from nuclear reactors can also be used in
electric discharge processes to decompose water or carbon dioxide.
Electric discharge processes are usually less efficient than
electrochemical processes. An efficient process for production
of acetylene from calcium carbide produced by electric furnace
reaction of carbon with lime is a relatively efficient reaction.

AH298.2 Kcal/mol
= + Co +118.3
cao(s) +73C(s) Cacz(s) Ci (q) 1
CaC + 2H.O = C,.H + Ca (OH) - - 42,7
2 EHY0 )T GoHy 2
(s) () (9) (aq)

The use of muclear electric power for the electric furnace
production of carbide and subsequently acetylene can be viewed
in the same light as the use of nuclear heat in the gasification
of coal. With the aid of coal, nuclear based electrical power
can be converted to additional non-~fossil chemical fuel.

Nuclear electric power can be used to electrochemically
produce aluminum and magnesium. These reactive metals can
be made to burn as solid fuel and have indeed been used as
such in specially designed burners. Also hydrogen can be
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made to burn with halogens such as chlorine to yield energy. Other
non-fossil fuels such as the boranes which are boron-hydrogen
compounds and the silanes which are silicon~hydrogen compounds

can be produced from non-fossil natural resources with the aid

of nuclear energy. However, all these types of fuels cannot be

. easily burned in conventional engines and in addition cause

severe materials corrosion problems and introduce excessive
pollutants into the environment.

Nuclear Fusion Reactors

In the longer term future it is conceivable that nuclear
fusion reactions utilizing deuterium as fuel will replace -

. fission as the prime nuclear energy source. Generally speak-

ing fusion could be applied in a fashion similar to fission as
shown in the processes mentioned above for producing non-
fossil chemical fuels. Probably the most practical method of
utilizing nuclear fusion for production of non-fossil chemical
fuel is to use the electrical energy to decompose water for
hydrogen and oxydgen production and these in turn can be used
as such or converted to other chemical fuels.
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SYNTHETIC FUELS FROM ATMOSPHERIC CARBON DIOXIDE
K.R. WILLIAMS AND N. VAN LOOKEREN CAMPAGNE

SHELL INTERNATIONAL PETROLEUM COMPANY LTD.,
MKD/2, SHELL CENTRE, LONDON, S.E.1.
SHELI, INTERNATTONAL PETROLEUM MIJ.,

MFD/13 CAREL VAN BYLANDTLAAN 23, THE HAGUE.

- Introduction

The predicted shortages of fossil fuels at some indefinite time in the
future paturally gives rise to a search for alternatives. Shall we or our
successors ultimately be dependent on electric power used directly or stored
in electrochemical batteries? Altermatively, will there still be a role for
energy stored and distributed in the form of liquid fuels? Also one wishes
to know the most probable source of these synthetic fuels. Will it be best

-to use coal and tar sands as the source of energy or will nuclear power be
more attractive?

In assessing the zost probable routes which future energy distribution
will take, operating arnd capital costs are of critical importance. Yet in
dealing with the cost of a process vhich is not yet practised it is very
difficult to be very precise in one's estimates. Nevertheless, in this
paper an attempt is made to suggest the orders of magnitude of cost involved
in making synthetic fuels derived essentially from carbon dioxide and water
with the addition of emergy from a non-fossil source. It is assumed that
such a course might be desirable at some time in the future when fossil fuels
are relatively scarce and nuclear power comparatively inexpensive.

For automotive use the convenience of a liquid fuel is very desirable and
the most conveniently produced liquid fuel, given supplies of carbon diaxide
and water, is methanol. Hydrogen may be produced by electrolysis of water
and with the addition of carbon dioxide by a suitable catalytic process,
methanal results:

Overall reactions: 38, + COp ——> CH3 OH + H30

Alterpatively, it would be possible to make hydrocarbons by the Fischer-
Tropsch reaction.

Thus, given the costs of making hydrogen and obtaining carbon dicxide
and adding the cost of a synthetic process involved, it is possible to gain
some idea of the cost of either methanal or a synthetic hydrocarbon fuel.
It should be emphasised that the costs (calculated on a 1970 basis of money
values) are based on figures obtained from various references and are not
plant costings made by the appropriate Divisions of the Royal Dutch/Shell
Group of companies.

In this paper the cost of hydrogen manufacture will be first considered
followed by the cost of obtaining carbon dioxide. The synthetic processes
for methanol production and Fischer-Tropsch hydrocarbon synthesis then follow.

Rough estimates are made of the capital employed, the energy consumed
and manufacturing costs on a stated basis. In order to put the synthetic
fuel route into perspective, a comparison is made with the costs of coal
based fuels. Also the overall efficiency achieved by using fuels in
gasaline engines and fuel cells is compared with electricity stored in
batteries and used to drive electric vehicles.



18

II Processes and ecaonomics to manufacture "non fossil" methanol
and Fischer-Tropsch gasoline '

1. Scale of operation and overall reactions

A relatively large plant has been chosen since it is assumed that

the fuel would be required for the domestic market: a methanol
production of 16,000 Tonnes per day (T/d) or alternatively 9,000 T/d
Fischer-Tropsch gasoline. The lower heating values (LHV) of those
products is 26.10% Tcal/year; and is equivalent in LEV with 2.8 100 T/a
automotive fuel, the output of a typical modern refinery.

The overall reactions of the processes which will be discussed in the

next section are:

29,700 T/d Hy0 (1650 Tmal/d) %E; 3,300 T/d Hy (1650 Tmol/d) + oxygen
*
60,000 T/a GA CO5 (600 Tmol/d) Z—g%r-) 24,200 T/d C0, (550 Tmal/d)

+ calcinm oxide

For Methanol .
24,200 T/d CO, + 3,300 T/4 H, 555 16,000 T/d CH3 OH (500 Tmol/d)

+ water

For Fischer-Tropsch gasolines .
24,200 T/d €O, + 3,300 T/d H, Z% 9,000 /d >CK, (500 Thol C/d)

+ water
* material balance efficiency

. 2. Description of Processes

(a)

(b)

Hydrogen Productiaon

If fossil fuels are ruled out as a source of hydrogen then
hydrogen by high pressure electrolysis of water is the obvious.
route. This subject has been considered in detail by Costa and
Grimes (1) and data derived from their work are given in Table 1
which summarises process ecanomics. In addition to hydrogen,
vast quantities of oxygen are produced by electrolysis of water.
If a use were available for all this axygen then of course it
would have by-product credit but it would perhaps be unwise to
do this for the speculative economy for which non-fossil chemical
fuels are required. In the case of Fischer-Tropsch synthesis,
some axygen would be used in the plant itself.

Reference to Table 1 will show the dominant effect of the
cost of the electric power an hydrogen: 80% of the hydrogen cost
being represented by cost of the electricity. It is possible that
this figure might be reduced slightly by improved electro-catalysis
but at this stage it would seem unwise to make any such assumptions.
Similarly, electricity at less than 4.0 mils/kWh would reduce costs.
Nevertheless it is felt that this particular figure is as low as can
be justified.

Carbon Dioxide Production

In their work on liquid fuel synthesis using n c}ea.r power in a
mobile energy depot system by Steinberg and Beller 2 s a proposal
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was made to extract carbon dioxide from the atmosphere directly

by compressing air, condensing water from it, drying the resultant
air with a molecular sieve and finally extracting the cdrbon dioxide
by another molecular sieve., Our attempts to calculate the cost of -

- obtaining carbon dioxide by this means were halted by the realisation

that the compressor costs would be simply enormous. The pressure
vessels for the malecular sieves and the molecular sieves themselves
would not be negligible in cost either. At the present time obvious -
sources of carbon dioxide are stack gases of fossil fuel power
stations and the COp exhaust from the hydrogen units of ammonia
plants, hydrocrackers etc. However it is assumed that such sources
will not be availablé in the same region in sufficient quantities to
supply wholly synthetic fuel plants. A method which would avoid the
need to pressurise the atmosphere would-be to scrub the carbon
dioxide from air by means of sodium or potassium hydroxide solution.
It is difficult however to assign cost data to this process which has
not been applied on any-scale,

The process finally chosen for evaluation wvas to obtain carbon

dioxide by calcining limestone rock and spreading the resultant

caleium oxide back on the land. The quicklime would subsequently
hydrate and finally carbonate by natural exposure to the elements.
On this basis the synthetic fuel source is thought of as being
situated near to a site from which carbonate rock could be mined
and which provides plenty of land on which the resultant lime could
be spread to weather for re-cycle. Clearly, if ever serious
consideration were given to. such a process, a considerable amount
of experiment would be needed to determine its féasibility. For
example, rates of carbonisation and dusting problems of the quick-
lime would have to be evaluated. The costs given in Table 1 have
been estimated from the costs of lime kilns in the U.K. Capital
costs of 50% over those of a coal fired kiln were included to allow
for a heat exchanger from nuclear heat., It is assumed that heat is
available at half the cost of electricity i.e. 0,002/kWh. The
alternative of electrical heating would increase overall costs by
about 50%.

Some perspective on the amount of C0p available from the
atmosphere for conversion to fuel is that the atmospheric reservoir
of carbon dioxide appears to be about 2.5 x 1012 tons (3). As the
concentration of carbon dioxide in the atmosphere is about 320
parts per million, each cubic kilometre of air contains roughly
430 tons of carbon dioxide., Because of the rapidity of air movements
about the earth's surface the atmospheric system is fairly well
stirred and one would not expect great diffieulty due to lack of
COp in any particular area.

Manufacture of Methanol

Methanol-synthesis is a well established industrial process.
Feedstock for this process - as well as for the Fischer-Tropsch
route - 13 a synthesis gas consisting of Hy and CO in the ratio of
about two, with minor amounts of CO; and K0. The CO is obtained
from CO; by the reversed shift reaction

CO, + Hy = Hy0 | +C0

The latest low pressure processes have improved the economics of
the Methanol-synthesis, Published data have been used to provide
the figures summarised in Table 1.
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Since one is talking about the future, it is interesting to
speculate about an alternative process for the manufacture of
methanol by means of the elegtrolysis of potassium carbonate.
The authors are not aware of any data which show whether or not
this process is in fact feasible, but were it to be so the
following cathodic reaction could be expected to take place.

CO3 + 6H0 + 6og=> CHjH + 80H™

If indeed it were possible to carry out this reaction then it
would not be necessary to manufacture hydrogen and one would have a
wholly electrolytic process,

Materials of construction of the electrolysis plant for methanol
would be similar to those for hydrogen-oxygen production since both
involve an alkaline electrolyte and in each case the most corrosive
conditions would be expected at the oxygen evolving anodes. On the
other hand a stripper would be needed to remove methanol from the
electrolyte and catalysts would be needed for the methanol electrodes.
Some tentative figures for methanol production by this hypothetical
process are included in Table 1. The assumption has been made that
the plant would involve a 50% increase in capital cost over that for
electrolysis of water.

Fischer-Tropsch Manufacture of Gasoline

Although gasoline would be the main product, other liquid
fractions are obtained in the Fischer-Tropsch reaction. These are
reflected in Table 1. Economics o{ the overall process have been
described by Govaarts and Schutte 5) and their data have been used
in preparing the relevant figures in Table 1.

£
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Discussion of Results

Summarising the above results, one can state that liquid synthetic
automotive fuels for present type engineg can be made from COZ/HZO/energy
at capital investments of roughly 650 18 g for a plant to produce 3.10
T/a Fischer-Tropsch gasoline (or 5.3 10° T/a Methanol) at a thermal

" efficiency of 3,%. The manufacturing costs for Fischer-Tropsch gasoline

would be about 160 g/ton (= 45 £/US gallon == 450 ¢/MM BTU). For methanol
it amounts to 90 §/ton (= 30 £/US gallon=:450 £/MM BTU).,

Table 2 compares these results with:

(a) the present situation in which gasoline is made with other products
in a modern oil refinery,

(b) a situation in the future, in which it is assumed that crude oil
supply would be insufficient to meet the energy requirements,
with consequential use of coal/tar sands/shale to fill the gap
by converting these primary energy sources into synthetic methane,
and crude oils (gasoline etec.).

The comparison made in Table 2 of course is only a rough one, but the
data seem to be clear enough to make the conclusion that fossil primary fuels
will be used preferentially for the manufacture of automotive fuels for
existing engines and that the COp/Hy0/energy route has little chance to
be competitive for a long time to come.

The above comparison is made on the basis of our present engines
requiring specific fuels. The cost and efficiency aspects were discussed
of manufacturing these fuels from a variety of "primary energy sources'.

) As indicated in Table 1, the energy-efficiency of the manufacture of
methanol and FT gasoline is only 34% and these fuels are used in the
engines with an efficiency around 15%; consequently, from the energy
produced by the nuclear plant only about 5% is actually "used in traffic'.

In Table 4 a comparison is made with the following routes, featuring
"futuristic engines".

Energy ) Engine
methanol fuel cell/battery/electric motor

A, Nuclear energy

B. Nuclear electrical energy — battery/electric motor
storage in batteries

For the purpose of discussion it is assumed that batteries of 100 W/lb
will be available at a cost of $20/kWh stored. Efficiency charge to discharge

" of 50% is assumed. This allows for electrode polarisation in a zinc-air

battery or heat losses from a high temperature battery (e.g. sodium-sulphur).

In Europe it is found that gasoline service stations sell much more
full at weekends in the four summer months than.the mean throughput of the
station. In order not to overstress the disadvantages of batteries the
figure of 50% overall utilisation of facilities will be assumed. If batteries
are exchanged at service stations, a day's store of energy will be needed to
meet with fluctuating demands. Distribution of electricity costs about
$200/1W and a charger cost of $200/KW will also be assumed. Bearing in mind
the need for elaborate controls to ensure safety together with automatic
handling of the batteries, this doés not seem excessive. It is interesting
to note that a service station with the relatively modest throughput of a
million US gallons a year (equivalent to a mean output of 600kW allowing for
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15f efficiency of the gasoline engine) would require a peak output of
about 2.5Md. The energy stored in the station would be of the order of
30Md hours in batteries weighing a total of some 150 tons. Data pertaining
to batteries are summarised in-Table 3.

It will be noted fram Table 1 that the electrolytic plant for hydrogen
" generation is a significant cost item. Perhaps surprisingly the total
synthesis costs of gasoline is only little higher than methanol on an
energy basis. .

More revealing is the comparison of efficiency of energy comversion and
capital cost per kW of mean throughput given in Table 4. As might be expected,
the battery system has the highest overall efficiency but this factor is over-
shadowed by very high capital requirements. Even when the cost of nuclear
"power plant at an assumed $300/KW is added, the system looks most unattractive.

Despite the reasonable conversion efficiency of electrical energy to
gasoline, the low efficiency of the gasaline engine gives rise to extremely
high overall capital requirements. Sore perspective an these figures can be

ined from the fact that a Fischer-Tropsch conversion plant costs about
§1ooo K available from a gasoline engine. This figure is so high that it
makes the process unattractive. The best hope for synthetic fuels appears
to lie in the use of methanol in a fuel cell(assmmed efficiency with electric
motor 50%). If electrolytic reduction of potassium carbonate solutions can
be developed as an effective route to methanol synthesis this will clearly
be more attractive than the existing chemical route.

One may conclude then that fossil fuels will be used for transport and
other forms of "portable energy" for as long as they are economically
available. If the methanol fuel cell is developed then fossil fuels will
still remain the most attractive source of fuels for vehicles and other
portable use. The high efficiency of the fuel cell will tend to prolaong
the life of fuel reserves. Ultimately when nuclear power is the mjor
source of energy liquid fuels will still be available, albeit at higher
prices than now. ’

TABLE 3

COST BREAKDOWN QF BATTERY STORAGE SYSTEM -
Distribution system g $200/14
Rectifier and charger system #200/x4
Batteries $20/x4
Ttilisation of distribution and charger 508
Efficiency charge to discharge 50%
Batteries equivalent to 1 days peak output 48 kH/hr/kH mean

Capital investment/kW distribution and charging - $800/iW
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APPENDIX A.

DETAILS COST DATA TABLE 1

Total erected plant ready for start-up, including all
facilities and land and interest during construction
and working capital (basis USA 1970).

i

All energy consumed in processes (minus minor quantity
of energy produced by combustion of energy produced as
by-products from synthesis routes). Electrical energy
4 Mils/kiWh; heat 2 Mils/kWh.

Energy consumed

"Al1 costs which for costimating cén be related with capital (in % of total

capital investment, average over 15 years lifetime) : total 20%. This ean
be split-up as follows: depreciation 6.7%; return on investment (av.) 6.3%;
all costs related with maintenance (supply, labour, supervision, overheads)
averaged over 15 years = 4%; plant overhead {office supplies, R/D, accounting,

legal, etc.) and property taxes and insurance = 3%.

A1 other costs = Remaining fixed and variable costs such as Operating
labour and supervision, chemicals and catalysts,
utilities (excluding energy), royalties etc,

CaCO3 dissociation; 24,200 T3d €O,

Energy consumed is twice dissociation energy of reaction CaCOj Ca0 + COy
{to take into account evaporation of water from CaC03 feedstolk and heat

efficiency of kiln). Assumption: heat available from nuclear plant at 900°C.
Capital 50% higher than U.K. lime kilns with coal firing. Operating, stone
handling and return at U.K. costs,

Methanol synthesis; 16,000 T/d methanol

Capital in g/annual ton methanol

- ref. 4, complete train, inecl. synthesis gas generation,
scale 800 short ton/d : 62 $/annual ton

- same, excluding synthesis gas plant : 43 $/annual ton
- as reported in Table 1 : 48 g/annual ton

Energy:
200 MWe for syngas compressors; 100 Mie for rest of plant, 300 MW heat.

Fischer-Tropsch synthesis; 9,000 T/d gasoline

"Capital in $/annual ton product

1. As reported ref. 5 (including syngas plant), South Afriea 1970:
200 g/annual ton,

2. Same, but excluding coal handling, gasification, gas purification,
part of steampower generation: 100 #/annual ton.

3. Assumption that main product "gasoline" and by-products require
same capital/annual ton product: this gives cap. requirement
gasoline plant in Table 1: 100 g/annual ton.

Energy consumed
1. As reported ref. 5: 200 MWe + 4000 M4 heat for 2,510% T/a plant.

2. Agsumed for our 3.10° T/a plant {excluding the ?iﬁh energy
consumption of the syngas part): 200 MWe + 800 heat,,
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A Macro System for the Production of
Storable, Transportable Energy
from the Sun and the Sea

William J. D. Escher /

Escher Technology Associates
St. Johns, Michigan .

Introduction

The purpose of this paper is to present a candidate technical concept for solar energy {
utilization in large scale. This concept, though offering nothing new in technical detail,
does offer a singular departure from previous concepts on the overall systems engineer-
ing level. This is the idea of locating the solar energy conversion system on the open ‘
seas, as opposed to basing it on land.

The important technical benefits of sea-basing a solar energy conversion system are these
1) Proximity to an excellent thermal sink and source of working mass (viz. the ocean, par
ticularly the depths), 2)Mobility of rotation and translation, 3) Space availability for large |
solar collector areas, and 4) Logistical ease in initial construction, servicing, and in the
distribution of products from the macro system on a world-wide bhasis.

A

Proceeding from the fourth point, the energy form to be produced is required to be both
storable and transportable over significant duration and distance by way of delivering this
energy to the ultimate consumer. It is proposed that solar energy be used to convert wate
(purified sea water) into cryogenic liquid hydrogen and oxygen. In this form the stored
energy -of the sun can be readily shipped to points-of-use on a worldwide basis via "cryo-
tankers''. Once unloaded at port, the cryogenic liquids can be stored and eventually trans-‘

P~

ported by rail, over-the-road trailers, or by pipelines. Alternatively, the hydrogen and
oxygen can be gasified and piped in the manner of natural gas. The energy form can be
finally consumed in the process of heat-release or it can be converted into an electrical |
form by fuel cells or their shaftpower-producing equivalents. : ‘

Also, though not really assessed in the paper, a number of collateral products in addition’
to the cryogenic energy form may be readily produced from a sea-based solar energy con-
verter. Possibilities are these: seafood products, mineral and chemical products, and ‘
certain finished and semi-finished goods. If these prove economically feasible, such co-
production might very significantly reduce the cost of energy by spreading the capital in-
vestment and operating cost over a wider range of salable products. This surmise is, ‘
however, taken to be outside the scope of the present paper. Much more study will be f
required to quantify the potential of such collateral output; a multidisciplinary effort is
clearly needed here. ’

Finally, the candidate scheme, as is characteristic of solar energy utilization systems
in general, offers one extremely important advantage to our environmentally-conscious
world: Its operation will not degrade the environment. No fossil-fuel is combusted and
no radiation conditions are produced nor are long half-life radioactive wastes created.

~ ~ e e

This unique environmental aspect of the solar energy conversion approach, together with
its intrinsic non-dependence on resources in increasingly short supply, may in fact be a

PN —
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decisive factor in favor of its eventual development. Unfortunately, it is not yet apparent
what the economic ramifications of these characteristic benefits will be, hence these can
not be assessed in the paper.

In summary, the paper introduces and discusses a new energy system concept based on
the synthesis of known subsystem approaches to create a "macro system' (large scale

, system-of-systems). This macro system employs solar energy to convert water to the

energy form: cryogenic hydrogen and oxygen. This is deemed a feasible storable and
transportable commodity for a wide variety of end-consumption means. The macro
system will not produce environmental degradation in its operation, nor at the point of
consumption. Water is the sole "exhaust' product in reconversion as heat or electrical
energy (thermal rejection will occur, however, dependent on the conversion efficiency).
The approach offers distinct possibilities of cost-beneficial coproduction of other salable
products, although this aspect is not further developed in the paper.

Description of the Technical Concept

A general overview of the problems addressed, the general technical approach to be taken,
and the technologies which might contribute to feasibility, for the subject macro system
approach has been published (1, 2) and will not be repeated here. Rather, this paper con- -
centrates on a specific formulation of the technical approach, sizing calculations, and a
rough cost estimate applicable to thé macro system. Necessary to this scope, a brief
analysis of the solar energy input to be received is included, including cloud-cover con-
siderations. ’

Production of cryogenic hydrogen and oxygen from sea water using solar energy takes
place by integrating five of the six systems (blocks) in the manner shown in Figure 1.
The sixth system, '"Marine Farming System', is representative of a potential collateral

~production unit (seafood), which uses ocean resources and solar energy (via photosynthesis).

Also, the "sea water concentrates' output of the Water Purifier System (top) is suggestive
of chemical and mineral production. Figure 2 is a pictorial schematic of the macro system
reflecting an overall geometric relationship of the constituent systems. Note that items
are located both on the surface and in the ocean depth for reasons to be discussed.

The macro system is sized on the basis of an equivalent production of 1000 Mw of cryogenic
energy form continuously. The energy-content reference is the higher heating value of hy-
drogen at 61,030 Btu/lb. This equates to a daily production of 670 tons of liquid hydrogen
and 5360 tons of liquid oxygen (609 and 4890 metric tons, respectively).

Macro system operation is conducted in basically two modes: 1) During periods of solar
énérgy collection for 8 hours of day (when there is no cloud cover), and 2) Around-the-
clock during which product liquefaction takes place. The consideration governing the
continuous liquefaction process lies in the problem of the characteristic extended start-up
and shut-down time involved with industrial liquefier train operation. This need (and it
should be more closely examined) assumes a supply of '"service power'" which is provided
by reconversion of some of the hydrogen and oxygen electrolyzed from water to create an
electrical supply at all times. The remainder of the macro system is operated only during
periods of sunlight. This entails the Solar/Electric Conversion System, the Water Purifier
System, and the Electrolytic Cells System as "off-on''-capable. units. It is noted that the
specific characterization of Figures 1 and 2 represent a ''first look" with regard to macro
sy§tem formulation. It is by no means optimized; a number of improvements are forseen.
* Numbers enclosed in parentheses denote references listed at the end of the paper.




Cryogenic Hydrogen and Oxygen

Central to the theme of the macro system is cryogenic hydrogen and oxygen, the "energy .
form" to be produced. Hydrogen, in combusting with oxygen in the air or with pure oxy-
gen (the approach emphasized), provides greater heat-release per unit mass than any
other chemical fuel. On a volumetric basis, however, hydrogen has about one-third the 1
energy content of natural gas (principally methane), and less than one-fourth of that con-
tained in the conventional liquid hydrocarbon fuels, gasoline, kerosene, and fuel 0il. The
characteristic problem of hydrogen's very low density is evident here.

1
i

Technology deriving from the aerospace sector over the past several decades, and partic-
ularly that from the Apollo effort, has made consideration of the cryogenic form of hydro-
gen (liquid oxygen development and mass-use came much earlier) eminently practicable
for large-scale.system applications. Liquid hydrogen, despite its extreme physical char-
acteristics (viz. 0.07 specific gravity, 21°K boiling point) has been demonstrated to be

a tractable, desirable chemical fuel and working fluid (See Scott's volume on liquid hydro-
gen technology (3) for cases in point). A

The potential of hydrogen as a fuel has been frequently discussed. Apollo represents a
pinnacle of experience in actual usage in ground-testing of engines and stages, as well

as in the actual mission flights. A recent review with emphasis on the cryogenic form

is that of Jones in Science (4). The clean combustion characteristics of hydrogen (water
only with oxygen, whereas a nitrogen oxide problem remains with combustion in air) has
caused increased attention to be given this fuel in recent times. A number of prime move
types have been operated on hydrogen-air and hydrogen-oxygen. Still others have been
proposed (viz. 5) for a number of technical advantages gained over hydrocarbon fuels. Fuel
cells operating on hydrogen-oxygen are well developed as demonstrated in the Gemini and
Apollo programs.

A second, longer-term incentive for considering hydrogen as an "emerging' energy form
is reflected in a study recently undertaken by the Institute of Gas Technology for the Amer
ican Gas Association. This is the consideration of hydrogen as a distant-term replace-
ment for natural, and synthetic ""natural" gas (via coal gasification, for example). The /
consideration here is that of natural resource exhaustion of fossil-fuel reserves, and a
conversion to a nuclear-electric energy base. A basic approach here is the use of nuclear
power to extract hydrogen (and oxygen) from water; hydrogen is very significantly cheaper’
to transmit over long distances via pipelines than electrical power, particularly so if the
electrical conduits must be placed underground. Since this study effort was only recently
announced (6), no published results are yet available. Gregory's review of this area (7)
provides a worthwhile overview.

The "arrival"” of cryogenic hydrogen and oxygen as a viable energy form capable of long-
term storage and long-distance transportation -- characteristics crt__x_cial to the concept

of the paper -- is indicated in the equipment shown in Figures 3 - 5.” Figures 3 and 4
show the largest liquid oxygen and hydrogen tanks in existance as located at the Kennedy
Space Center, Florida. These vacuum-jacketed spherical tanks approach one million
gallons in capacity. Figure. 5 shows liquid hydrogen (foreground) and liquid oxygen (back-
‘ground) barges used to transport the cryogenics from their point of production to the test
facility of NASA near Gainesville, Mississippi. The liquid capacities are over 300,000
and 100,000 gallons, respectively. Hydrogen and oxygen are also shipped routinely acrose
country in rail tankers and over-the-road trailers. Although hydrogen and oxygen 'cryo-

Photographs courtesy of Chicago Brldge & Iron Company, the equipment suppliers
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tankers', as envisioned to supply the macro system's product to the nminland, do not

’ Presently exist, the commercial success of LNG (a '"mild cryogenic' at -258°F) tankers

presages success. A dozen LNG tankers are currently in service, and by 1980 there
are projected to be one-hundred (8). Actually, hydrogen cryogenic vessels have been
considered in some engineering detail in Air Products & Chemiéals 'comprehensive
study of liquid hydrogen production for global hypersonic aircraft fueling (9).

Solar Energy Available in a Practical Large-scale Array

- The rate of energy radiated by the sun_ is 3.805x10%6 watts which corresponds to a con-
tinuous loss of solar mass of 4.234x10"“ g/sec, or 4.67 million tons per second via nuc-
lear fusion conversion. Of this amount of radiant energy, the Earth-atmosphere system
receives each year 5.445x1012 joules (1.301x1024 cal). This corresponds to an energy
density as expressed by ‘the Solar Constant of 135.3 w/m2 (1.353 kW/mZ). (The Solar
Constant is the amount of total radiant energy received from the sun per unit time per
unit area exposed normal to the sun's rays at the mean Earth-sun distance in the absence
of the Earth's 'atmosphere.) (The data given in this paragraph were taken from (10).)

In principle, a solar collector located in near-Earth space and oriented continuously
toward the sun would receive energy perpetually at the Solar Constant rate. This "ideal"
condition has, in fact, been proposed by Glaser in several papers (e.g.1l) as one which
we should seriously consider exploiting.

Unfortunately, but invariably, Earth-bound collectors will receive considerably less
energy than such a space-borne system. Of that potentially available, large-scale col-
lectors at sea level may receive 6 to 10 percent of the maximum value. This is because
of the following essentially uncontrollable factors: 1) Rotation of the Earth occluding the
sun for much of the time, 2) Seasonal variations in the mean sun-angle for a fixed lati-
tude, 3) Clear-day atmospheric attenuation, and 4) Cloud-cover and adverse weather con-

" ditions (fog, humidity, etc.). Further, though perhaps easy enough for a space-borne

collector, it is usually not practical to orient large Earth arrays normal to the sun as
it moves across the sky. Instead, the array is layed out in the horizontal datum plane
of the Earth's surface. This results in a loss in incident radiation over that potentially
available proportional to the cosine of the total sun-angle.

A typical observed solar radiation pattern over a (clear) day's observation period is
presented in Figure 6 (the upper right hand note calls out this curve), as adapted from
Daniels (12). The integrated radiation intensity (Langleys®/min) for that day was re-
ported as 678 Langleys™. Returning for the moment to the case of an ideal collector
located in Earth-space, a maximum of 1.937 Langleys/min times the number of minutes
in'a 24-hour period would be received. This is approximately 2790 Langleys. The ob-
servational data of Figure 6 accordingly represents about24 percent of that potentially
available. As will now be shown, a practical large-scale collector will not achieve this
effectiveness.

Returning to Figure 6, the dashed curve has been estimated as a "maximum solar radi-
ation characteristic'' for an Earth collector. At noon the peak intensity of this estimated
reference curve is about 1.4 Langleys/min, or 72 percent of the potential 1.937 (Solar
Constant). Over a 24 hour period, however, only the order of 25 percent can be realized.
Also, the sunrise/sunset '"tails'of the baseline data curve were clipped to accord to the
t'gsudden' nature of the sun's appearance and disappearance in the tropics.

“F See Figure 6 for a definition of the Langley unit and its equivalent in kw/m?2
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Unless the collector's constituent areas are rotated normal to the sun's rays at all 1
times during the collection-day (and do not shield one another from the sun) this 25
percent effectiveness cannot be achieved in practice, This results in the cosine loss ,
factor mentioned previously as denoted in the third curve of Figure 6, that of least

area. Also the length of the nominal day has been reduced to the 12 hours experienced "
near the equator (for it is the quasi-equatorial region which appears most desirable

for locating the macro system). This time-scale forms the basis of the nominal sun-

angle scale established below it. The quite-evident narrowing of the daily intensity
characteristic due to applying the cosine loss factor (array non-normal to the sun, 1
except nearly so around noon) significantly reduces the area under the curve, the inte- /
grated solar energy quantity received.

One more penalty is observed as the deletion of the shaded areas on each side of the |
curve. This corresponds to non-operation of the solar collector at sun-angles greater !
than 60 degrees (as can be noted on the lower scale). This somewhat arbitrary cut-off

is for practical design considerations as will become evident when the collector geometry
envisioned for the macro system is introduced in a later section.

The last two reductions in effectiveness (non-normal collector and cut-off beyond 60 de-
grees) account for a reduction of the 25 percent effectiveness to approximately 18 per-
cent. Over 8.0 hours the net result is that the net energy collected is 5.86 kwh/m? for 1
a horizontal, quasi-equatorial, concentrator type solar collector. The mean daily (clear
skies) input of 0.732 kw/m?2 for 8.00 hours was entered into the macro system sizing
calculations. This will be reduced by the ''clear skies'' factor next to be developed. /

Cloud Cover Considerations : i

Since the solar energy collector type selected is of the concentrator (i. e. focused) con-
‘figuration (the arguments for this are cost and available technology), operation can take
place only in direct sunlight. Therefore cloud cover must be minimal commensurate }
with restraints applied to the macro system, e.g. sea-basing. It is for this reason that
desert locations are typically suggested in solar energy conversion proposals. For ex-
ample, Meinel cites 330 clear days per year for Yuma, Arizona (13) in connection with /
his recent proposals. :

As it turns out, an ocean-borne solar converter such as the subject macro system will

not fare nearly this well as becomes evident in examining a marine climatic atlas (14).
Such an atlas can be used to develop a ''clear skies factor' to be applied to the solar ener-
gy characteristics developed in the preceding discussion. Representative results are
shown in Figure 7, where the selection of a favorable locale is indicated for the macro ,
system in the mid-Pacific as determined by cloud-cover minimization tactics. The hatched!
area was found to be contained by the maximum monthly clear skies isopleth over the year ,
as read from the ''total cloud cover' charts of (14). (An exception was the month of June,

for which the 60 percent isopleth was displaced to the east, as can be noted on the figure.)’

The indicated area was then selected as the model for quantifying the clear skies factor
whose value was estimated as 0.497, or approximately 50 percent. Geographically, this
region is centered at 80S, 1389W and is about 250 km northeast of the Marquesas Islands.
A depth of over 14,000 ft is noted with a mean surface water temperature of about 820F.
The clear skies factor of 0.497 was entered into the sizing calculations.
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Macro System Sizing Calculations

The energy and mass-flow characteristics of the macro system were determined on

the basis of the foregoing findings (solar energy characteristic, clear skies factor) and
the physical characteristics of the constituent systems. This required an estimate of
individual system efficiencies, process variables, and associated physical and chemical
data for the process fluids and their transformations. These assumptions derived from
information made available to the writer in communication with a number of workers in
the various fields involved, as well as that from the open literature. However, in the
end-analysis the values listed represent only opinion -- hopefully, a reasonably informed
one. Two estimates are made, a ''current” and a ""projected" technology basis.

The .scope of the paper does not allow for the details of these assumptions or the calcula-
tions to be included here, unfortunately. However Table 1 provides a summary of results.
These provide a basis for physically characterizing the macro system, which in turn will
provide a baseline for a rough cost assessment.

Conceptualizing the Macro System

Physically, as would be expected for any solar energy converter, the overall macro
system layout is dominated by considerations of collector area. The required active col-
lector area for 1000 Mw continuous equivalent liquid hydrogen and oxygen production

is 47.3 km? (6.88 km square) and 26.9 km? (5.19 km square) for the "current'" and ''pro-
jected" bases, respectively (Table 1). The latter is 57 percent of the former. However,
the larger '"current' technology version will be used as the baseline for conceptualization
and costing in the paper in order to bias the results toward a more conservative estimate.

Rounding the 6.88 km on the sides to an even 7.0 km, an obvious geometric arrangement
of 49 square modules, each 1.0 km on the side is arrived at. If the central one of these
is removed to provide for a '‘central operations'' zone for the macro system, as shown in
Figure 8, the total active area is 48 kmz, slightly more than the indicated 47.3 km? re-

quirement.

Figure 8 reflects a spacing-out of the modules bya separationof 414m,enlarging the over-
all area required by a factor of 2. The reason for this is to provide complete rotational
freedom for the individual square modules. Somewhat closer spacing is possible for other
than square modules, the limit being reached with circular shaped units whereupon the
expansion experienced (Figure 8) can be reduced by about 64 percent. The need for rota-
tional freedom is associated with the characteristic of the solar collector geometry as-
sumed, viz. a two-dimensional reflector.

An individual 1-km square module (designated L-3, for a third level of modular build-up)
is conceptualized in Figure 10. This unit is equipped with twenty 100x500 m solar col-
lector modules, referred to as L-1 units, the basic building block of the macro system
solar array. Each symmetrical corner of the L-3 module consists of 5 solar collectors
and is designated L-2. The overall macro system is thus composed of 48 L-3s, 192 L-2s
and 960 L-1s (Figures 8-11).

A five-flotation-point suspension is shown supporting the frame of the basic L-3 1 km?-
module. This places the support points a maximum of 600 m apart which, in view of the
much larger spans achieved by bridge builders, seems reasonable. With lightweight
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structural elements and the use of tension rigging, a minimal-mass structure should
‘be achievable. Any concentrated loads‘such as machinery, tanks and personnel accomo-"'
dations-can be gseparately floated below the array or located within the flotation units.
The solar collector surface is elevated considerably above the ocean surface to minimize
adversities of the ocean-atmosphere interface, such as salt-spray.

"On the other hand, the center of mass and wetted volume of the flotation units (spar buoy‘
configuration) is sufficiently deep to be virtually uninfluenced by surface and near-surfac:
wave action. A number of spar-buoy type vessels such as FLIP (15) and MOSES (16), )
have demonstrated the intrinsic stability afforded by this configuration. Each flotation 1
unit, towed into its assembly point in a horizontal attitude, and erected by ballast con-
trol, is equipped with its own propulsion system. Electrical or hydrogen-oxygen (5)
powered thrustors will be used to position and stabilize the flotation units, and alsoto |
provide azimuthal rotation of the L.-3 modules as well as translatory capability (e.g. to |
counter currents).

/

An overall "macro-servomechanism" is envisioned to maintain the geometric integrity
of the entire macro system without ""hard" structural connections. This includes the
rotation for sun-tracking (Figure 9), translation of the total array with respect to the
ocean body, and maintaining proper inter-modular spacing. ‘

The essential features of the 50,000 m? solar collector module (L-1), which is a two- i
dimensional "trough' paraboloid-of-translation, are represented in Figure 11. Instead {
of a point-focus, this configuration provides a line-focus of considerably lower intensity.’
In this application, the focal boiler being of linear design, the geometry is quite com-
patible with the working fluid flow path as energy is absorbed. It can be seen that, since
the module is free only to rotate and translate on a horizontal datum, viz. the ocean,

it must be oriented such that the vertical plane containing the sun must also contain the |
focal line. Hence, continuous rotation of the module to "'track’ the sun is required.

(An exception to this would occur for an equatorial site on the equinoxes). Figure 11
‘reflects the need for overhanging the focal boiler for full-mirror utilization up to the
cut-off angle of 60 degrees. The problem of tracking the sun effectively beyond this }
" angle is apparent in that the amount of overhang becomes quickly impractical, and/or
only partial utilization of the mirror can be made. Hence, the ''cut-off ruling'.

The focal boiler is viewed as basically a linear receiver of focused solar radiation

for transferring this energy to the working fluid (provisionally, water). A transparent
casing surrounding the metallic or refractory receiver/working-fluid passage may be
applicable, in which case a vacuum or inert gas atmosphere can surround the receiver
element. An objective is to minimize thermal losses due to reradiation and convection,
and to protect the high temperature element from oxidation.

If water is used as the Rankine cycle working fluid, then conventional stearmn turbine.

and associated equipment can be employed. There will be an incentive to raise the
steam temperature well over the conventional utility-plant levels of 1000-11000F,
however. This will be set by the focal boiler and turbine temperature capability, with
an actively-cooled turbine a distinct possibility at temperatures above 1500 °F or there-

" about. The incentive is,of course, increased system efficiency which permits a reductior
in hardware size, and hence,costs -- assuming that this is not countered by the more ex-
pensive ""advanced technology" equipment. In the interest of maximizing efficiency, the

. use of cold depth water for condenser cooling (41°F vs. 82 OF for the surface water) is
very likely, since the gain far outweighs the cost of pumping the water up (favorable im-
Plications for marine farming).
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Since dc power is required for the water electrolyzers (located in the depths to achieve
high pressure gases and cell advantages, without the need for thick wall, expensive
structures), generation of dc power by the turbine-generator is highly attractive, The

~ alternative (conventionally done) of rectification of ac power is costly in terms of equip-
ment and some loss of power. Fortunately, the acyclic (homopolar, unipolar) dc gen-
erator has this potential in the size range of interest (17).

With regard to the electrolyzers, it would appear that both unipolar (tank type) and bipolar
(filter -press configuration) configurations should be examined for applicability; each has
characteristic advantages and disadvantages. Applicable references are (18, 19). Depth
storage of the hydrogen and oxygen at ambient generation pressure offers economic ad-
vantages as discussed for natural gas storage in (20).

The high-pressure (nominally 1500 psi) accumulator is essentially to smooth the flow
of gas to the liquefiers and service power unit, and would be minimized for this funct-
ion, since expensive heavy-walled containers will be required. The liquefaction plants
would be of conventional design very likely, but would be so engineered to gain any syn-
ergistic benefits from the co-production of hydrogen and oxygen. Cryogenic storage at
the surface of the type described in (20) would be located near the docking facility for
convenient loading into the cryotankers (Ref. 8).

Macro System Cost Estimate

The macro system was broken down into 17 items of capital cost as listed in Table 2.
Based on the anticipated distribution of these components within the macro system (i. e.
whether associated with the 1 km modules, or with '"central operations''), the number
of items and the size were determined and listed. Cost factors, based on communica-
tions with specialists as well as open literature assessment were developed. Occasion-
ally these were merely intuitive estimates. Using the "current' technology baseline,

a total capital cost estimate was arrived at. To this was added ten percent for instal-
lation and testing services. The resulting rough estimate for the macro system was
approximately $ 1.5 billion. (See Table 2).

At this level of cost associated with 1000 Mw continuous production of energy, it is of
interest to compare the macro system with both present and alternative projected
sources of energy. These three bases of comparison were examined, although none
expressly matched the macro system's input/output: 1)Conventional electric energy
generation systems, 2) Conventional hydrogen and oxygen production plants, and 3)
Alternative solar energy utilization schemes whichare of the same general scale as
the subject one (11, 21, 22).

Summarizing the results of these three comparisons, the cost of energy produced by

the macro system is indicated to be significantly higher than those conventional sources
of electrical power and cryogenics, a factor of 4 to 5 being observed. On the other hand,
the macro system's energy cost fell into the range estimated for representative solar
-energy alternative approaches, being at the lower or higher end, dependent on whether
the end product desired was cryogenic or electrical.

It should be noted that considerable reductions in the macro system's energy costs would
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| |
seem possible, however, through these principal avenues: 1) Optimized system design, A
2) Technology advancements, and 3) Collateral production of salable products to spread
costs over a broader revenue base. Further improvements in each of these areas will

be complementary, that is, gains will compound one another. Based on the writer's J
judgement in assessing these potentials, a gross reduction of the cited factor of 4 to 5 )
is achievable if a number of the potential gains identified qualitatively could be brought

to fruition. If so, the macro system would be quite competitive with conventional sources ‘
of energy, and considerably better than the alternative solar energy proposals. How- ‘
ever, the depth of the investigation to date is not sufficient to make this other than a ‘
surmise,’ ‘ 4

|
1

Concluding Remarks

This paper has introduced and discussed yet another approach for harnessing solar
energy directly (Ref. 11, 21, 22). Its novel approach of open-seas basing may offer
substantial advantages over land-basing as in previous proposals. Sea-basing also
embraces problems peculiar to the nautical environment, with a significantly lower
clear skies factor than can be had in a desert location. Other concerns with forseen
difficulties in locating a large solar array on the ocean may be countered through judi-
cious marine engineering approaches, particularly that of oceanographic stable plat-
forms (14, 15). It does appear that the concept of locating a stabilized, reasonably long- {
lived solar collector and attendant component systems of the subject macro system on ‘
the open sea is supportable. /

But in at least an emotional way, the single most distracting characteristic of a solar ‘
utilization scheme of the magnitude presented is the enormous proportions of the solar
collector, This is a reflection of the innate nature of the solar energy intensity at the
Earth and it cannot be altered. At best, we can move the array into near-Earth space
as proposed by Glaser (11) to maximize exposure duration and to eliminate atmospheric

" attenuation, : /

The approach taken here in view of the intrinsic collector area problem is straightfor-
ward: 1) Select thelargest practical solar collector deemed ''reasonable'’, and 2) Incor- /
porate suffiqient numbers of these as modules to make up the overall requirement. The
objective of minimizing the cost of the collector goes without saying.

If the technical feasibility of the subject concept is accepted, the singular issue is that '
of energy cost. Although '"fuel" cost and the required investment in property are zero,

the overall capital cost appear very high by today!sutility and chemical industry stand-
ards. As a result, energy cost is very high based on the rough assessment performed.
But as noted above, there are avenues for cost reductions which are definitely promis-
ing. These should be evaluated quantitatively.

What will be perhaps more difficult to evaluate is the dollar-worth of the macro system's
""benevolent environmental interaction" characteristic. This,with the fact that no natural
resources potentially in short supply are consumed. These two areas of national and
- global concern must enter into the decision-making process in future energy systems.
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TABLE 1

Results of Macro System Sizing' Calculations

Rated Production of Macro System (Daily Basis) (1000 Mw, continuous equivalent)

\

Results of Sizing Calculations (Daily Basis)

Liquid Hydrogen

Liquid Oxygen

Total Cryogenics

LN

Hydrogen liquefaction energy

Oxygen liquefaction energy

Hydrogen required for service power

Oxygen required for service power

Service power level, continuous
Water to be electrolyzed
Solar still effective area

Electrolysis energy input

1.34x10% 1b
670 Tons

10.72x108 1b
5360 Tons

12.06x106 1b
6030 Tons -

0.609x10° kg
609 Tons-metric

4.89x10° kg
4890 Tons-metric

5.499x10° kg
5499 Tons-metric

Technology Bases

""Current"
6.03%x10% kwh
2.68x100 kwh

0.405x10° kg

.'!».24:(106

kg
400 Mw

9.10x10° kg
2.68x10% m?

50. 0x10% kwh

Average power.level, 4 hours duty cycle 12.5x103 Mw

Peak power level, at local noon
Thermal energy to turbine
Incident solar energy required

Solar collector area required

16.6x103 Mw
105.4x10® kwh
137.8x10® kwh
47.3x10% m?

47.3 km?
(6.88 km square)

""Projected"
5.36x10® kwh
2.14x10° kwh

0.298x10° kg

© 2.39x100 kg

343 Mw
8.15x10° kg

1.79x10% m?

6

35.8x10" kwh

8.95x10° Mw
11.9x103 Mw

67.0x106 kwh

6

78.3x10" kwh

26.9x10® m?
26.9 km?
(5.19 km square)



Item

Solar Collector
Focal Boiler
Turbine & Condenser
Genefa.'tor, dc
Electrical Conduits
Depth water System
Solar Still

Water Elelctrolyzer
Gas Storage (depth)
Gas Accumulator '
Service Power Unit
Hydroge;l Liquefier
Oxygen Liquefier
Cryogenic Storage
Flotation Units |
Platform Structure

Docking Facility

Integration, installation & test services { @ 10% )

Summary:

an

TABLE 2

Rough Cost Assessment of Macro System

Requirement
48 km?2

500 km
16,600 Mw (peak) ‘
16,600 Mw (peak) .
990,000 Mva-mi
7x10® T/day H,0
2.7x106 gal/day

560x103 1b/hr, H,

40x106 73 (actual vol. )*‘

40x103 ft3 (actual vol. )*
400 Mw

670 T/day

5360 T/day

18x106 ga1™

5 per Li-3 module
Forms L-3 module

""Descartes'' class cryb-
tanker capability

No. _ Item Cos
Units Unit Size Cost Factor Million §
960  100x500m $5/m? 240 !
960 © 500 m $100/m ' 50
48 345 Mw $20/kw 335
48 345 Mw $7/kw 115
96 0.62mi  $20/kw 20
48 36,000 gpm ? 5
- .$1.00/£t% 30
18 12,000 1b/hr$150/ll;/hr 85
48 1x106 i3 $1.00/gal 50
1 40x103 ft3 ? 15
1 400 Mw  $100/kw 40
1 '670 T/day $25x106 for 55
‘ 250 T/day
1 5360 T/day $8/T/day 45
1 18x10% gal $1.5/gal 30
240 - @ $1x106 240
48 1 km? @ $1x10° 50
1 - @slox10® 10 ,
Delivered hardware subtotal 1215 ,
 am
Total rough cost estimate $ 1557 |

Macro system sized for 1000 Mw -continuous equivalent production of

the cryogenic hydrogen and oxygen energy form is estimated to cost in ' '

the vicinity of $ 1.5 billion.
sion without system optimization or refinements.
for collateral product potentialities.

Dollars are "today's''.

No credit is taken

This is for the '"current' technology ver-

*® Total volumes for both hydrogen and oxygen; storage would be in separate containers.
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Note: Langley is equivalent to 1 cal g{mean) cm™
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L-2 Modules 500 x 500 m (consists of 5 L-1s)
{one shown)
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{5 shown)
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REFUELABLE BATTERIES
K.F. Blurton and H.G. Oswin

Energetics Science Inc., 4461 Bronx Blvd., New York, N.Y.

In the non-fossil fuel society, it is proposed (1) that electricity will be
generated by nuclear power stations which will be situated in underpopula.ted areas
for environmental and safety reasons. Since gas transmission is cheaper than
electricity transmission and since the demand for power is not constant, it is
suggested (1) that hydrogen will .be produced at these nuclear power stations and
transported via pipeline to the consumer. where it will be used for heating, cooking

_etc. and for the local production of electricity via fuel cells.

In this hydrogen fueled society, electrochemical power sources. will
replace the hydrocarbon fueled equipment which is presently used for many mobile -
and portable applications. The high power applications (e.g., a.utomob1les, trucks)
may be served by fuel cells. However fuel cells are only practical in situations
where 1) the total energy requirement of the system is high and the weight of hydro-
gen is a large percentage of the total system weight and 2) the required power is
sufficiently high to justify the weight of the ancillary controls. They' are not suit-
able either for low power applications since the fuel cell has a minimum weight
which is determined by the weight of the ancillary equipment, or for portable
applications since the hydrogen tanks cannot be readily carried.

Thus there are many medium power (1/2 KW - 5 KW) devices (e.g.,
outboard motors for boats, lawnmowers, motor bikes, camping equipment) which
use hydrocarbon fueled engines at present but which will require low cost, high
energy and power density batteries in the non-fossil fuel society.

Lead acid, mckel/cadm1um, nickel/iron secondary batteries will
probably continue to provide rechargeable energy sources for applications where
their low energy density and cost/KW are relatively unimportant. However for
reasonable cycle life (e.g., > 200) all of these storage batteries have energy

_ densities less than 20 watt-hours/pound and this is a major deterrent to their use
in many lightweight portable devices or traction vehicles where cost, weight and
operating range are important.

The limitations of the present storage batteries have stimulated research

in high energy density systems such as 1) secondary zinc/air cells, 2} organic
electrolyte cells and 3) molten salts cells. However these internally rechargeable
batteries {(i.e., charged by applying a direct current to the electrodes while they
are contained in the battery) suffer from the following limitations:

1} They have limited cycle life at high depths of discharge,
2) For long cycle life (hence low depths of discharge) storage batteries have
significantly lower energy densities than primary batteries,
-3) Charging at low rates (i.e., overmght) limits the type and extent of use of
the device,
4) The charging efficiency at high rates of charge is low.

Thus a new battery system is required for the medium power applications in the
hydrogen fueled society and refuela.ble batteries are one pbssibility.

In this paper we will review the present technology of refuelable metal/
air batteries and discuss the future research required on these systems. We have
not set out to make a clear cut case for these batteries over other electrochemical ~
power sources (such as fuel cells and molten salt batteries) but rather. our aim is
- to point out the advantages and disadvantages of the metal/air system in the hydrogen
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fueled society. In particular we will describe novel methods of reclxarging the
anodes which will be applicable due to the availability of hydrogen.

1. Refuelable Batteries

In principle a refuelable badttery is one in which the discharged plates
can be easily replaced. In practice it is simpler to replace only the anode and
mechanically rechargeable metal/air batteries are the only refuelable batteries
which have been developed

In metal/air batteries, the ox1dant (air) reacts with an electropositive
metal to form a metal oxide (or hydroxide) and electrical energy. Mechanically
rechargeable metal/air cells are refueled by withdrawing only the discharged
anodes and replacing thern with new ones. The 'advantages of these batteries are:

1) The discharge efficiency of the anodes is 80% or greater and this allows high
energy densities to be obtained,

2) They are capable of giving high power densities,

3) They can be refueled (recharged) rapldly since the anodes can be readily
removed and replaced, .

4) The charging efficiency is high since the" spent anodes may be recharged
externally at a low rate,

5) There is flexibility in anode regeneratlon (Sect1on 6),

6) The oxygen cathode is used only during d1scharge and then it is capable of
many cycles.

Thus it can be seen that refuelable batteries could be recharged rapidly and still
use off -peak power for anode regeneration so that extra fuel cell capacity would not
be required for battery charging (low capital cost).

By reviewing the present technology of mechanically rechargeable metal/
air batteries, we can define some of the limitations of such batteries and then
describe the improvements that are required and the likelihood of their being
achieved.

We will restrict this review to the following cells: zinc/air, aluminum/
air, magnesium/air, iron/air and cadmium/air. These systems have been included
since: 1) they have high theoretical energy densities and 2) several studies have been
made with them so that their problems are well-defined. Other cells with high
theoretical energy densities (e.g., lithium/air and sodium amalgam /air) have not
been included since their state of the art is not far advanced (2).

Lead/air batteries have not been included(although the anode is well-
developed and carbonate formation in the acid electrolyte is not a problem)since:
1) they have a low theoretical energy density (183 Wh/1lb), 2) the cost per watt-hour
of lead is high (. 77¢/KWh), 3) only expensive, noble metal cathode catalysts are
stable in the acid electrolyte, 4) the cathode polarization is significantly higher in
acid than in alkaline electrolyte (3) and 5) Pt dissolves in the electrolyte and is
transported to the anode (i.e., lowers its H, overvolta.ge), thus decreasing the anode
shelf life and prevent1ng efficient recharge.

2. Design of Refuelable Batteries

Mechanically rechargeable zinc/air batteries have been used by the
_military for communications equipment (2, 4-6) and similar designs have been
used for Al/air (2, 7), Mg/air (8-11), Fe/air (12) and Cd/air (2, 13) cells.

The basic cell consists of two cathodes (0. 200 -~ 0.250 inches apart)
connected in parallel and separated by a porous zinc anode inserted between them.
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With this design it is simple to remove a d1scharged anode from the bicell and
replace with a new one. Figurel shows the arrangement of anode and cathode,
F1gure 2 shows the bicell design and F1gures 3 and 4 show 2 battery designs.

The present zinc anodes are made from zinc powder which is impreég-
nated with dry potassium hydroxide and then pressed to the required dimensions.
The electrodes are wrapped in a separator (a few thousandths of an inch thick)
and stored in aluminum /mylar envelopes to retard water pick-up and zinc oxida-
tion.

The air electrodes (Figure 1) must be held flat and parallel to the nega-
tive plate to minimize iR losses in the cell and to prevent electrode shorting but
the lightweight air cathodes are not sufficiently rigid to be dimensionally stable.
Thus non-compressible, porous spacers are placed in the air chambers between
bicells and then subjecting the whole cell stack to an external pressure which is
applied by a screw adjustment (Figure 4). Pressure is released to allow refuel-
ing (replacement of zinc plates) and reapplied before the next discharge. Obviously
this requires that the tolerances on the dimensions of the zinc electrodes must be
within a few thousandths of an inch.

Air flow is generally achieved by natural convection and the space
between the bicells is therefore a critical design factor. The air spacing is a
compromise between the need to provide sufficient air for high discharge rates
and the need to minimize the volume of the battery. Forced air convection is used
to increase the battery power density. However this results in a lower energy
density due to the extra weight of the fan and to the parasitic current drawn from
the battery and in faster carbonation of the electrolyte (Section 5).

3. Technology of Metal/Air Cells

Table 1 gives values of the E.M.F.'s (E}), the theoretical energy
densities, the thermoneutral voltages (ET) (2) and the anode cost per theoretical
KWh of metal/oxygen cells. The theoretical energy densities were calculated
from the electrochemical equivalent of the anode and the cell E. M. F.

Table 1 lists the thermoneutral voltages of the metal/oxygen couples.
This parameter is defined as - /A H/RT, where AH is the enthalpy of the cell
reaction. It is an abstract qua.nt1ty and it represents an unach1evab1e voltage at
which no heat would be generated by the cell.

The thermoneutral voltage permits simple calculations of heat genera-
tion in metal/air cells. For example, the ratio of the heat generation to electrical
power is g1ven by (ET EC)/EC, where Ec 1is the cell operating voltage, and
this ratio is useful in comparing the heat generation of the metal/air cells.

Figure 5 shows the polarization curves for metal/air cells. Clearly
these polarization curves will depend on many parameters (e.g., anode and
cathode manufacturing technique, anode porosity, cathode catalyst etc.) which
will vary from manufacturer to manufacturer. However the curves in Figure 5
do give an indication of the expected initial performance of the metal/air cells.

The polarization curves for Al/ and Mg/air cells were obtained with
. a chloride electrolyte (NaCl or KC1) while those for the other metal/air batteries
were obtained with an alkaline electrolyte (31% KOH). The curve for Zn/air cells
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is the best literature value (14) and it was presumeably obtained with thin electrodes
since the cell voltage depends on the anode thickness (15), For example, the volt-
age at 100A/ft2 for a zinc/air battery with a 0. 200 inch thick anode was 0.1V less
than the value given in Figure 5 (4). The polarization curve for the Cd/air cell was
obtained (2) with a 0.030 inch thick commercial Cd anode and those for the Al/ and
Mg/air cells were obtained with alloy sheet anodes. No polarization curves have
been reported for alkaline electrolyte Fe/air cells in the literature and the data
given in Figure 1 was calculated on the assumption that the Fe/air cells voltage
would be 0.4V less than that of Zn/air cells. This assumption agrees with the cell
voltages calculated from half cell data of iron electrodes (16) and of air cathodes
{(Figure 6).

Table 2 gives values of the ratio of the heat generation to electrical
power at a discharge rate of 40mA/cm®. This data was calculated using the value
of the operating voltage at 40mA /cm? from Figure 1 and the cell thermoneutral
voltage (Table 1). Dissipation of this heat is important even in zinc/air batteries
(Table 2).

TABLE 2
Heat Generation by Metal/Air Cells
5 )

Core | (hBREIERE ) o somasem?
Al/air . ' 1.15

Mg /air 1.78

Fe/air 0.61

Zn/air 0.46

Cd/air 0.55

(1) Calculated from the thermoneutral voltages (Table 1) and the
operating voltages at 40mA /cm? (Figure 5).

a) Zinc/Air

Zinc anodes offer a compromise between Al and Mg anodes on one hand
which have high theoretical energy density but poor use-life and polarization
characteristics, and Cd anodes which have low theoretical energy density but good
shelf-life and polarization characteristics. The anodic behaviour of zinc is deter-
mined by its relatively high hydrogen overvoltage and the solubility of zinc oxide in
alkaline solution. The former means that Zn has a relatively long shelf-life and
this can be further increased by amalgamation while the high solubility of zinc
oxide prevents zinc passivation and allows high discharge rates to be obtained.

The anode thickness and porosity are determined by the required
energy and power densities and typical values of these parameters are 0. 05" -
0.250" and 75% - 85% respectively. The energy density of the cell is increased by
increasing the cell capacity per unit area of cell (i.e., increase anode thickness
and decrease anode porosity). However high power densities are only obtained by
increasing the electrode porosity but this results in a lower weight of zinc in the
electrode and hence in a lower energy density. Thus there is a trade-off between
energy and power density.

A major limitation of the present zinc/air batteries is the heat genera-
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tion at high rates of discharge. From the value of the thermoneutral voltage of this
cell (Table 1) it can be seen that a zinc/air cell delivering electrical power at 0.9V
must dissipate an equivalent amount of energy as heat. This is undesirable since

it results in an increase in cell temperature which consequently: 1) increases the
rate of zinc anode self-discharge and 2) causes water loss from the cells by evapora-~
tion. ’

1t is difficult to compare values of energy density and power density
from the litérature since these two parameters are dependent on operating tempera- .
ture, duty cycle of the battery and the cathode catalyst. Energy densities of 80 Wh/
1b with power densities of 45 W/1lb have been reported (5) for a 1/3 KW battery. A
larger system (1 KW), which is closer to the system required in the hydrogen fueled
society, demonstrated a maximum power-density of 26 W /lb at an energy density of
30 Wh/1b (14). The author (14) projected that further improvements might be possible
up to limits of 80 W/1b and 80 Wh/1b but these goals have not been achieved at present.
Neither of these batteries used forced air convection and therefore cannot be used
to project power and energy densities for larger (5 KW) batteries.

The 1/3 KW battery mentioned above is used for military communications
equipment. The cost of the batteries and of the replacement anodes is $400/KWh and
$40 /KWh, respectively. Thus with 100 discharge cycles, the operating cost is $44/
KWh. This is too expensive for non-military applications and it is necessary to
decrease both the anode manufacturing cost and the cathode catalyst cost.

In summary the problems which limit the use of zinc/air batteries at
present are:.

1) The use-life of the Zn anode is limited and it is preferable to use these cells
continuously rather than in intermittent operation, ’

2) The lower discharge efficiency of thick Zn anodes at high rates of discharge,

3) The heat generation at high discharge rates,

4) Since the oxidized state is soluble, the zinc oxide in the discharged anodes

° slumps to the bottom of the current collector and thus the shape of the electrode

must be reformed during anode regeneration,

5) The cost and stability of the cathode catalyst.

b) Aluminum/Air

The high cell E. M.F., the high theoretical energy density, its low cost
per watt-hour and the ease of manufacture of anodes makes aluminum an attractive
anode for metal/air cells. However the aluminum/air cell has two major problems:
1) the discharge of aluminum anodes is irreversible and 2) the self-discharge of
aluminum anodes is very rapid.

Aluminum electrodes dissolve rapidly on open circuit in alkaline solution
with the evolution of hydrogen and consequently Al/air cells generally use either a
neutral (KC1) or acidic (A1Cl;) electrolyte (2). However even in this electrolyte,
pure aluminum dissolves rapidly on open circuit and polarizes excessively. More
reversible behaviour is exhibited by aluminum/tin alloys. Optimum performance (2)
was obtained with the aluminum /tin alloy A6 (Olin Mathieson Chemical Corp. ) and
Figure 5 (2) shows the polarization curve of an Al/air cell with this alloy in a 2.5 MKC
solution. ‘

As a consequence of the high self-discharge rate of Al alloy anodes and
of the cell irreversibility, a major limitation of Al/air cells is the heat generation
and Table 2 shows that for cells operating at the same power,Al/air cells generate
approximately three times more heat than zinc/air cells. This heat generation
results in a high rate of water loss, it creates hazardous and runaway conditions
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and it severely decreases the anode shelf-life. It may be alleviated by using a large
electrolyte reservoir or by forced air convection, but neither approach permits
" high energy density designs.

The advantages of Al/air cells are that the anodes can be made from
sheets of the metal alloy which are simple and cheap to manufacture and they use
a cheap, CO2 rejecting,safe electrolyte which can be easily hindled by the consumer.

. No work has been reported on operable, mechanically rechargeable
battery systems. Single cell data in alkaline electrolyte (7), have been used to -
project an energy density of 200-Wh/1b and a power density of 76 W/lb. However
these values were calculated on the basis of the weight of the reactants only and
.the electrolyte and Al-were separated while the cell was on open circuit. It is vital
that the system includes adequate provision for cooling, since the experimental
design data is based on cell voltages of 0.9 - 1. 25 volts which indicates heat genera-
tion at 2 to 3 times the rate of power generation. Thus the total battery weight will
markedly decrease the values of energy and power density and the energy and power
density data quoted above (7) is considerably greater than would be obtained in an
operable system.

c) Magnesium/Air

Magnesium anodes exhibit the same disadvantages as aluminum anodes,
i.e., irreversible polarization characteristics and high self-discharge rates. In
addition, the discharge product of Mg anodes is a solid sludge which masks the
bottom portion of the Mg anode and makes anode removal difficult (8, 9, 11).

In alkaline electrolyte magnesium anodes passivate and Mg/air cells
utilize a sodium chloride solution (11). Even in this electrolyte pure magnesium
anodes polarize excessively and this has resulted in the use of magnesium alloys
which are often ternary alloys of magnesium, aluminum and zinc. Figure 5 shows
the polarization curve for a Mg/air battery using the Mg alloy AZ61 (Olin Mathieson
Chemical Corp. ) in 18% NaCl solution (11). As with Al alloys, low Mg alloy polariza-
tion is associated with a high rate of self-discharge and the alloy AZ61 gave the

. optimum performance.

The product of Mg anode discharge in a Mg/air cell is magnesium
hydroxide (or hydroxylchloride) (11). This product remains in the cell as a sludge
and the volume of the cell must be sufficiently large to contain this product and to
allow easy removal of the anode after discharge.

Heat generation due to anode self-discharge and cell irreversibility is an
even greater problem with Mg/air cells than with Al/air cells (Table 2). Thus Mg/
- air requires a water reservoir and/or forced air convection to aid in cell cooling
and it has been shown that these cells operate more efficiently at low temperatures
(10).

- A 23 cell Mg/air battery of similar design to that in Figure 3 -has been
reported (11). From data given in the paper (11) and assuming the battery weight (4)
is the same as that of zinc/air batteries (Figure 3),the battery energy density was
approximately 65 Wh/lb and the maximum power density was 50 W/lb. Water
evaporation during battery operation was a major problem and water had to be added
to the cell, otherwise the Mg was not consumed uniformly and the cell voltage
decayed (11). ) :

d) Irom/Air

Iron anodes have been used for over fifty years in Ni/Fe batteries. The
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advantage of this material is its availability, abundance and basically low cost.

The theoretical energy density for iron/air cells (Table 1) was calculated
assuming the oxidation of iron to the 3 valent state. However the anodic discharge of
an iron electrode in alkaline electrolyte occurs at two discrete voltage levels. The
first at -0.8V vs Hg/HgO corresponds to the conversion of iron to ferrous hydroxide
while the second at -0. 65V vs Hg. HgO corresponds to the conversion of iron to the
three valent state (16, 17). The iron electrode is normally operated only to the first
discharge voltage plateau (i.e., 2 valent state) and the theoretical energy dens1ty for
the iron/air cell is then 557 Wh/lb.

Sintered iron electrodes have the ability to be deeply discharged and

~ hence make lightweight, low cost iron electrodes a possibility. Low electrode cost,

however,is dependent on developing an inexpensive means of increasing the H, over-
voltage of iron. This is presently achieved by refining the iron oxide powder to a
high degree of purity before reducing it to powdered iron particles but this adds
considerably to the electrode cost.

The advantages of iron/air cells compared with zinc/air cells are:

1. The lower cost of iron/KWh (Table 1),

2. Iron oxide is cation conductive and hence less prone to passivation,

3. There is no material slumping in the discharged anode since the oxidized
state of the iron electrode is relatively insoluble.

No mechanically rechargeable Fe/air batteries have been reported
although it has been claimed (12) that energy densities of 65 Wh/1lb are achievable.

e) Cadmium/Air

The cadmium/air couple has the lowest theoretical energy density of the
couples considered in this paper (Table 1) but thin (0. 030 inches) cadmium electrodes
are readily available and hence development costs for this cell should be relatively
low. The cadmium/air cell (2) has a lower voltage at all current densities than the
zinc /air cell (Figure 5) and the practical energy density is lower.

Refuelable cadmium /air batteries could be manufactured with today's
technology but would probably not provide high-enough energy or power densities to
justify their high cost. Thus the lower cell voltage and the lower electrochemical
equivalents probably (2) restrict the maximum achievable energy density for refuel-
able Cd/air cells to 20 Wh/1b.

The advantages of cadmium/air cells compared with the zinc/air systems
are: 1) Cd anodes have good shelf-life, 2) Cd anodes have long cycle life and 3) the
anode could be recharged without using d.c. power (18) which may be particularly
advantageous in the hydrogen fueled society (Section 6).

f) Air Cathode

The cathode structure used in most metal/air systems (2) consists of a
mixture of catalyst and Teflon (19) supported on a hydrophobic film with the current
collected by an expanded metal mesh embedded in the catalyst/Teflon matrix. The
Teflon aids in the formation of an air/electrolyte/catalyst three phase boundary
which ensures that the maximum catalyst area is used efficiently in the electro-
chemical reaction. The hydrophobic film prevents electrolyte seepage from the
cell and acts as the outer case of the bicell (Figure 2). The advantages of these
electrodes are: 1) they are lightweight and the oxidant does not contribute to the
cell weight, 2) they exhibit high limiting currents, 3) they exhibit a stable voltage
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during discharge and 4) they exhibit a flat polarization curve which permits operation
of the electrode over a wide current density without large voltage variations,

: Figure 6 (2) shows the polarization curves for oxygen reduction on a
Teflon bonded Pt electrode (Pt loading 5g/ft2) in air saturated 31% KOH solution and
in air saturated 2.5 MKCI solution. The cathode overvoltage (i.e., E - E.) was
plotted versus the current density (Figure 6), in order to compare the cathode polari-
zation in alkaline and chloride electrolyte.

. Comparison of the cathode polarization in alkaline electrolyte (Figure 6)
with the Zn/, Fe/ and Cd/air cell polarization (Figure 5) indicates that the cathode
polarization is the major fraction of total cell polarization up to 100A /ft2. Thus
most of the heat is generated at the cathode in these cells and a decrease in the
cathode polarization will markedly decrease the heat generated as well as increase
the battery power density. A decrease in cathode polarization may be achieved
either by increasing the catalyst activity (i.e., decrease the activation polarization)

or by improving the electrode structure (i. e., decrease the concentration polarization).

Platinum has been used as the cathode catalyst in those applications
(military) where high energy density is more vital than battery cost, but Pt cathodes
are a major cost limitation of commercial Zn/, Fe/ and Cd/air batteries. For
example, a zinc/air battery with a Pt catalyzed cathode (5gms/ftZ of Pt) gave 100 W/
£t2 (100A /ft2 @1. 0V (4)) and the platinum cost was then approximately $300/KW.
Clearly such costs limit the commercial usefulness of present, refuelable zinc/air
batteries and require far more than the 100 discharge cycles, which is obtainable at
present (4), to be economically attractive.

Another reason why Pt cannot be considered as.a practical catalyst is
the gradual transfer of Pt from the diffusion electrode to the negative plate (20).
This will clearly limit the number of cycles obtainable with the cathode and the
presence of Pt on the anode will increase its rate of self-discharge and will lower
the coulombic efficiency of anodes which are recharged electrochemically.

. Carbon, on which a hydrogen peroxide decomposition catalyst was
supported, has been used to decrease the cathode catalyst cost. For example, a

. zinc /air battery with a carbon catalyzed cathode containing 1/4 g/ftZ of a noble
metal gave (15) 65 W /ft2 (65A /ft2 at 1V) and the catalyst cost was then approximately
$25/KW. However this lower weight of noble metal catalyst resulted in a greater
cathode polarization, a low cell power density and greater heat generation.

The polarization of Pt catalyzed air cathodes is much greater in KC1
solution than in KOH solution (Figure 6). This may be due both to the lower buffer
capacity of KCl solution (concentration polarization) and to the influence of chloride
ions on the catalytic activity of Pt (activation polarization). Comparison of the
cathode polarization curves (Figure 6) with those for Al/ and Mg/air cells (Figure 5)
indicate that in these cells approximately 50% of the heat evolution is due to cathode
irreversibility.

- There are no efficient catalysts for oxygen reduction in chloride electro-
lyte and the exchange current density for oxygen reduction on platinum was found
to be a minimum at pH 7 (21). However polymeric cobalt phthalocyanine (22) has
been shown to exhibit a lower polarization for oxygen reduction in neutral than'in
acid electrolyte and it may prove worthwhile to investigate the activity of these
cathode catalysts in chloride electrolyte.

4. Heat Generation and Dissipation

Heat is generated during the discharge of all metal/air cells. As a
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result of the heat generation, the cell temperature must be controlled to minimize

-the anode self discharge rate and water evaporation rate. This is of particular.

importance in Al/ and Mg/air cells (Table 2) but cell temperature control is also
very important with the other metal/air cells.

" The provisions for heat dissipation are dependent on the discharge rate

- of fhe cell. Thus the higher the rate of discharge the greater the cell polarization

and the greater the ratio of heat generation to electrical power.

Very little heat can be dissipated by conduction from the cells to the -
battery case since the lightweight current collectors are the only metal connection
between cell and case. Therefore the major heat transfer path has to be to the air

. and hence the heat is dissipated by convective heating of the air and by water evapora-

tion (2, 23). The relative contributions of these heat transfer modes depends on the
cell temperature, water vapor pressure, air flow rate, inlet and outlet temperature,
and the relative humidity of the air stream. The interdependence of these parameters
is quite complex and the relationships have been derived for a 10 KWh zinc/air battery
(2, 23).

Battery cooling is achieved either by the use of forced air convection
or by using an excess of electrolyte. However both these solutions limit the cell
energy density since they increase the battery weight and, in addition, the air cir-
culation rates must be kept low to minimize the parasitic power drain and electrolyte
carbonation.

5. Carbon Dioxide Removal'

Adsorption of CO, in the electrolyte occurs with all the alkaline electrolyte
metal /air batteries. . Carbonation of the electrolyte affects the metal/air cell per-
formance by changing the electrolyte pH in the vicinity of the cathode, by precipitating
carbonate in the cathode pores and by causing anode passivation.

With the present m111tary zinc /air batteries the electrolyte is discarded
after dischargé of the anode, but this is an expensive maintenance procedure, it is

_ hazardous and it presents disposal problems. It can only be tolerated for small

batteries where the application permits the high operating cost and where weight and
volume are at a premium. The carbonate concentration in larger alkaline electrolyte
metal /air batteries must be controlled by scrubbing the CO, from the atmosphere.

7 The removal of CO, from the atmosphere has been studied for alkaline
electrolyte fuel cells and has been reviewed in detail {24). Table 3 lists the expendable
and regenerable carbon dioxide scrubbing systems which have been studied.

TABLE 3

Carbon Dioxide Removal Systems

Expendable Adsorbers Regenerable Adsorbers
Soda Asbestos - Molecular Sieves -
Lithium Hydroxide Monoethanolamine

- Soda Lime v Aqﬁeous Caustic Alkali

a) Expendable Adsorbers

Of the three expendable carbon dioxide adsorbers which have beén studied
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(Table 3), soda lime is generally preferred. - Thus although LiOH has a 20% greater
capacity for CO, adsorption, it is more expensive while soda asbestos tends to block
if the air has a high humidity. _ :

Soda lime was used as 'the air scrubber in a demonstration of an alkaline
electrolyte fuel cell/lead acid battery power source for a small car (25). It was
found that 20 1bs. of soda lime lasted for 500 miles of driving and from the data
given it can be shown that this is equivalent to 1/4 1b of soda lime/KWh,

b) Regenerable Adsorbers

The required CO, levels can be achieved with molecular sieves but they
can only be used in dry air and they require considerable power for regeneration.

) The CO, concentration cannot be reduced below 30 ppm with a mono-
ethanolamine scrubger and this is rather high for continuous use of the electrolyte.
In addition there is a constant loss of ethanolamine due to vaporization and the
material requires considérable heat for regeneration.

Aqueous caustic solutions have been investigated for scrubbing air for
alkaline electrolyte fuel cells (24) and these solutions may be regenerated electro-
chemically. In the regeneration technique, hydrogen and oxygen are evolved at two
electrodes and the regenerating cell is operated under mass transfer conditions so that
the acid generated in the vicinity of the anode results in the evolution of carbon dioxide
from the electrolyte. The major disadvantage of this system is the inefficiencies
which result from the high overvoltage for oxygen evolution and from the concentra-
tion polarization required to reach a pH in the range 11-14. Polarization losses cdn
be reduced if the anode and cathode are depolarized with H,, and air respectively.
Clearly this regenerative technique would mean a large parasitic power loss and it is
necessary to have more details on the scrubbing efficiency of alkaline electrolyte and
on the regeneration efficiency before it is known whether this system is competitive
with soda-lime for small power levels.

6. Bé.ttery Refueling

. Two processes are involved in the refueling of mechanically rechargeable
metal/air batteries:

a) Removing the discharged anodes and replacing them with new electrodes,
b) Anode regeneration.

The battery system must be designed so.that the former process can be
carried out rapidly by unskilled personnel since speed of recharging is one of the
major advantages of refuelable batteries. However the anode regeneration could be
carried out slowly and use off-peak power (HZ)' Except for the reduction of cadmium
oxide (Section 6(b)),reduction of the metal oxide is probably too complex to be carried
out by the consumer and will have to be performed at service stations,

a) ‘Anode Replacement

Practical experience has been gained recharging zinc/air batteries
and a description of the recharging of these batteries serves to identify the problems
in charging all metal/air batteries. .

After discharge and removal from the bicell (Figure 2), the zinc electrode
is little more than a conductor surrounded by a mass of zinc oxide particles in a
separator bag which is wet with KOH solution. Because of the lack of cohesion
between zinc oxide particles, anode shape change occurs during the battery discharge
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(i.e., the zinc oxide slumps to the bottom ot the plate} and the spent plate is no

longer uniform. Thus these discharged anodes must be first pressed into approxi-
mate dimensions and then be restrained to these dimensions while they are cathodically
reduced to zinc in alkaline electrolyte. They must then be removed from the reduction
bath, washed free of KOH, dried and pressed to the exact cell dimension.

The disadvantages of using this type of zinc electrode are: 1) they have
poor rigidity and adherence in the discharged state, 2) the regeneration process is
complex and expensive, 3) porous zinc anodes impregnated with KOH are potentially
hazardous and could not be handled safely by unskilled personnel, 4) re-generated
zinc anodes of this form have 'a limited life before capacity degenerates to an un-
acceptable level because of particle size growth during each discharge/charge cycle.

These problems have led to the development of a zinc/air battery which
utilizes a zinc powder (26). In this system (26), which is being developed as a power
source for electric automobiles, the zinc powder fuel was stored as a suspension in
water and distributed intermittently with electrolyte to the bicell. The bicell was
8imilar to that in Figure 2 and the air cathodes were catalyzed by silver (loading
60 g/KW). After discharge the spent fuel and electrolyte was drawn from the battery
and regenerated independently of the battery operation.

The major disadvantage of the cell was that a large volume of electrolyte
was required for efficient d1scharge of the zinc.powder (i.e., 41 of 10N KOH solution
for 1 KWh), otherwise the zinc powder passivated. Thus a typical small electric car
would need approximately 10 gallons of tank storage for a day's operation (10 KWh).

On this basis, daily refueling would be desirable and would probably best be met by
storing zinc powder and electrolyte in the car owner's garage. The authors did not
indicate time needed for refueling. However this would probably require about

5 minutes since the battery has to be drained of electrolyte and ZnO and the tanks have
to be replenished with a Zn/HZO slurry and with fresh electrolyte.

The battery had an energy density of 42 Wh/1b and a 10 hour operating
capacity, Capital costs for the battery were quoted as $100/KW, but this did not
cover the fuel regeneration equipment and no data was provided to indicate this cost.

The work so far looks promising for the intermediate electric vehicle,
but vast improvements would be needed for it to serve the hydrogen fueled society
efficiently.

Magnesium/air and aluminum/air batteries offer greater flexibility
for refueling since they use regular alloy sheet. The simplicity of this type -of anode
and the need for only minimal protection against bending during shipment and storage
means that manufacturing costs would not be much higher than the cost of commercial
alloy sheet. These anodes are also non-adherent after discharge but, since Al/ and
Mg/air batteries use a chloride electrolyte, the spent anodes could be safely handled
by the consumer. These discharged anodes could not be reprocessed by the consumer
but they would be discarded and new ones would be purchased from a store. Thus
the ease of refueling, reinforced by the fact that they use a.cheap, CO rejecting,
safe electrolyte, provides an incentive for further research to develop a commercial
Al/air or Mg/air battery. .

Discharged cadmium and iron electrodes are rigid and adherent in the
discharged state and thus many of the processes used in recharging Zn anodes would
not have to be used in recharging Fe and Cd anodes. In addition the discharged anodes
could be readily recharged in the hydrogen fueled society and hence the high initial
electrode cost would be countered by the low regeneration cost.
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b) Metal Oxide Reduction

- In the non-fossil fuel society, 1nternally rechargeable batteries would be
recharged by using the d. c. power from the fuel cell. However the electrochemical
efficiency of the fuel cell is only 70% and the watt-hour efficiency of charging is at
best (i.e., with slow charging rates) only 60-80%. Thus the volume of hydrogen used
to recharge storage batteries would be two-to three times greater than the theoretical
value.

In this section we will describe methods of recharging discharged Fe,. Zn-

and Cd anodes in the H; fueled society. Since the discharged anode is removed from
the bicell and the metal oxide is reduced in.a separate apparatus, hydrogen can be
used directly for anode regeneration and this gives a particularly high charging
efficiency. Discharged Al and Mg anodes cannot be reduced in aqueous electrolyte
and it would be more convenient and economical to reclaim these metals by recycling.

There are three ways of recharging the discharged anode:

1. Reduction of the metal oxide by d. c. power using an inert counter electrode
(oxygen evolution),

2. Reduction of the metal oxide by d.c. power using a hydrogen depolarized
electrode as the counter electrode,

‘3. Thermal reduction of the metal oxide with hydrogen.

In Table 4 the operating costs (expressed as a volume of hydrogen) of each method
are compared. The data in columns 1 and 2 (Table 4) were calculated assuming a
fuel cell electrochemical efficiency of 70%.

In method 1 the discharged anode is cathodically reduced in an alkaline
electrolyte bath using an inert counter electrode. Thus the applied voltage during
charge is equal to the sum of the E. M.F. of the metal/oxygen couple and the total
overvoltage for the electrode reactions. The data in Table 4 (column 2) was calcu-
lated by assuming that the total cell overvoltage during charge would be 0.6V.

The procedure in method 2 is similar to that in method 1 except that a
hydrogen depolarized electrode is used as the counter electrode. Thus the applied
voltage during charge is equal to the sum of the E. M. F. of the metal/hydrogen
couple and the total overvoltage of the electrode reaction. The data in Table 4
(column 3} was calculated by assuming that the hydrogen overvoltage is 0.05V, and
that the volume of H) required for the H, depolarized electrode is equal to the
theoretical coulombic value.

Table 4 shows that it is significantly more expensive (larger volume of
H,) to reduce the metal oxide by method 1 than by method 2. This is because the
applied voltage during charge is less in the latter method since: 1) the E.M.F. of
the metal/hydrogen cell is approximately 1. 2V lower than that of the metal/oxygen
cell and 2) the overpotential for H, oxidation is significantly less than that for oxygen
evolution. For example, the Zn/%nO electrode potential is only 0.4V more negative
than that of hydrogen and thus, with a hydrogen depolarized counter electrode, the
applied voltage for oxide reduct1on is only 0.45V, whereas the applied voltage is
2.2V with an inert counter electrode.

In the third method the metal oxide is reduced by heating in hydrogen.
The data for this method (Table 4, column 4) was calculated by using the stoichio-
-metric volume of hydrogen and no allowance was made for the hydrogen required
to heat the oxide to the required temperature (i.e., these values are the theoretmal
volume of hydrogen required for anode regeneration).

Table 4 (column 5)also shows the minimum temperature required for the
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thermal reduction of the metal oxide with hydrogen. These values were calculated
using literature values of the free energy of formation of the oxides (27) and of the
~elements (28).

Direct reduction of ZnO occurs at too high a temperature (Table 4) for
this method to be economical and thus zinc electrodes would be recharged by the
cathodic reduction of the metal oxide utilizing a hydrogen depolarized anode.

Since the Fe/Fe(OH), electrode is only slightly less noble than the H
electrode (0.05V), iron oxide can be reduced in a similar way but the external
voltage would now only be 0.10V. However iron oxide may also be reduced by
heating the oxide in a hydrogen atmosphere to a temperature of approximately 5000C
(Table 4). This temperature was calculated by assuming that the anode discharge

.product was FeO since there was no information in the literature on the variation of
the free energy of formation of Fe(OI—I)2 with temperature, If little heat is needed,
direct reduction of the d1scharged iron'anode may be as economical as the electro-
chemical reduction and it is probably more convenient.

Reduction of CdO with hydrogen is possible at room temperature (Table
4) but the reaction is very slow, However cadmium oxide can be reduced by exter-
nally connecting the cadmium oxide to a hydrogen depolarized anode (18) and no
external power need be applied for this process since the Cd/CdO electrode is more
noble than the hydrogen electrode.

Clearly this technique for recharging Cd electrodes can also be carried
out in the battery without removmg the anodes from the bicells and this may possibly
be carried out by the consumer.  This would be done by sweeping air from the
system with nitrogen and bleeding H, into the gas space behind the diffusion electrode.
Each cell is then shorted out. (p051t1ve to négative) until H, consumption ceases. The
short-circuit is then broken and the' N, - H,, mixture replaced by N, again and then
air. Thus this battery system needs only a Hj supply and adequate gas-manifolding
for recharging. The simplicity of the system however must be we1ghed against its
initial cost and low energy density. ~Careful control of alkalinity is also necessary
to avoid carbonate build-up and consequent short-cycle life of the cadmium electrode.

In this section we have only compared the operating costs (Table 4) of
anode regeneration but the cost of the recharging equipment (capital cost) would
partially determine the total battery recharging cost. At present there is no informa-
tion on this cost but, if extra fuel cell capacity had to be added for battery recharging
the capital cost would be markedly increased. However, in contrast to rapid charging
of conventional storage batteries, refuelable batteries can be recharged rapidly and
yet use off-peak power for-anode regeneration.

7. Summary

This review has necressar.ily been restricted to mechanically rechargeable

metal/air cells since these are the only refuelable batteries which have been developed. '

These refuelable batteries have many possible advantages over internally rechargeable

systems but these advantagés are counterbala.nced by the problems with each metal/
air cell. .

Table 5 summarizes the cell energy densities and the present and possible
future capabilities of the metal/air batteries. The first value of energy density (Table
5) was calculated from the electrochemical equivalents of the metals and the metal/
air cell voltage at 40A /£t? (Figure 5). Comparison with the theoretical energy density
values given in Table 1 indicate the influence of cell polarization on energy density.
The second value of energy density given in Table 5 takes into account the total
battery weight. These values were either obtained from the literature (Zn), or calcu-
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lated from data given in the literature.

Clearly none of the existing metal/air cells meet the requirements of
the hydrogen fueled society (Table 5) but neither do the present storage batteries
{e.g., lead acid and nickel/cadmium). The improvements which must be made in
order to improve the metal/air systems to the point where they will provide energy
densities of 100 Wh/lb and power densities of 75-100 W/lb at acceptable costs/KW
and /KWh are:

Cost of cathode catalyst,

Irreversibility of the cathode,

Heat generation by the battery,

Removal of discharged anodes from the bicell,

Adsorption of CO;, by the electrolyte {alkaline electrolyte cells only).

TR wN

In addition improvements must be made in each anode to achieve the
goals listed in Table 5. Thus in order to make zinc/air batteries more viable the
manufacturing cost and the recharging cost of zinc anodes must be decreased. To
provide the basis for low cost, high energy density aluminum/ and magnesium/air
batteries, Al and Mg alloys giving more reversible potentials and having a lower
rate of self-discharge are required. The energy and power density of iron/air cells
is limited by the electronegativity of iron but the intrinsically low cost of iron would
allow low cost iron/air cells to be made providing the self discharge rate of non-
purified iron can be decreased.
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THE PRODUCTION OF METHANE BY THE ANAEROBIC DECOMPOSITION
OF GARBAGE AND WASTE MATERIALS

Glenn E. Johnson, Louis M. Kunka, William A. Decker, and A. J. Forney

Pittsburgh Energy Research Center, Bureau of Mines
U.S. Department of the Interior, Pittsburgh, Pa.

Introduction

The natural gas reserves of this country are dwindling, and this resource will
some day in the not too distant future have to be augmented or replaced by syn-
thetic gaseous or other types of fuel. At the same time, waste materials of all
types are ever increasing so that waste disposal is one of the largest problems
facing an ecology-minded society of today.

The magnitude of the problem is shown by the fact that about 3 bi}}ion tons of
solid organic wastes are generated yearly in the United States. (3)=

Agricultural wastes generated total 2.5 billion tons per year, of which about
2 billion tons ‘are manure. Total urban wastes generated including domestic, com-
mercial, municipal, and industrial,-are 400 million tons per year. Solid waste
discards collected by private and municipal agencies currently total about 200 mil-
lion tons per year and average about 6 lb per day per person (l). Predictions call
for doubling this rate long before the end of the 20th century.

The objective of this work was to study the production of methane by the anaero-
bic digestion of garbage and waste materials. Other methods of utilizing waste
materials have been proposed and investigated. At the U.S. Bureau of Mines Energy
Research Center at Pittsburgh, Pa., garbage and waste materials have been pyrolyzed
and hydrogenated to convert them to useful products (5, 2). Both of these processes,
however, require special equipment, and the processes are complex. Hydrogenation,
for example, is done at high pressures (2000 to 6000 psi) and high temperatures
(250° to 400° C), and the waste must be reacted with a gas (hydrogen or carbon
- monoxide). Pyrolysis of wastes is accomplished at atmospheric pressures, but
elevated temperatures of 200° to 900° C are required as are special furnaces and
auxiliary equipment. Anaerobic digestion, however, would not require special high-
temperature or high-pressure equipment, because it is done at atmospheric pressure
and about 100° F, and would utilize conventlonal equipment used in the liquid waste-
treatment industry today.

Description of Equipment and Test Methods

Figure 1 illustrates the glass equipment used in batch tests for the anaerobic
digestion of waste materials. The procedure of testing was as follows: The side-
arm flasks used as digestion vessels were first purged with helium to exclude air
since the methane-forming organisms cannot survive in an oxygen atmosphere. Weighed
amounts of garbage or waste material to be tested were placed in individual flasks.
Measured quantities (usually 2 lltsys) of digester sludge from a nearby activated
sludge-type sewage- treatment plant=’ treating essentially domestic wastes were

1/ Numbers in parentheses refer to literature cited at end of paper.

2/ Pleasant Hills Sewage Treatment Plant, 1222 Cochran Mill Road, Pittsburgh, Pa.,
15236
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transferred to the helium-filled flasks, The flasks were then stoppered and placed
in a water bath controlled at 95° to 100° F where digestion began. Omne of the

£lasks of each series of tests contained no solid wastes but only the digester

sludge and served as a control for .the other flasks.

The gaseous products of digestion were collected in a rubber balloon contained
in a water-filled jar, which prevented contact between the gas and the water.
Measurement of the water displaced as the balloon inflated gave a direct measure-
ment of the gas produced. Gas samples were periodically removed for chromato-
graphic analysis by deflating the balloons. The only circulation of the contents
of the flasks, besides occasional manual shaking of the flasks, was the natural
circulation provided by the heated liquor and passage of gas bubbles through the
mixture. ’ .

Tests With Various Waste Materials and Discussion

Table 1 illustrates data from a batch test with garbage. One flask contained
2 liters of digester sewage sludge, and the other contained 2 liters of digester
sludge and 25 grams (dry weight) of processed, shredded garbage. The processed
garbage was obtained at Altoona, Pa., where residents separate bottles and cans
from their refuse so that the destructable wastes can be shredded and ground prior
to undergoing an aerobic mulching treatment. '

After 24 hours of digestion, the sludge (SG-55) had produced 945 ml of gas (50%
methane), while the sludge-garbage mixture (SG-56) produced 2080 ml of gas (63%
methane). In a total of 336 hours of digestion, the sludge generated 2735 ml of
gas (1748 ml of CH4), and the garbage-sludge mixture generated 6620 ml of gas
(4048 ml of CHz). At the end of 336 hours, gas generation had ceased in both
flasks. Assuming that the sludge would produce the same amount of gas in each
flask, the difference in gas production is attributable to the garbage; or, in
this test, 1.50 £t3 of methane was produced per 1lb of garbage.

Table II illustrates a test with sewage sludge, cow manure, and dried gréss
clippings. The control (sewage sludge alone) produced only 422 ml of methane,
the cow manure produced 6949 ml, and the grass clippings produced 7483 ml. Cor-

"recting for the methane produced by the control, the cow manure produced 1.1l ft

of methane/lb of dry waste, and the grass clippings yielded 1.20 ft3 of methane/lb.

Other materials tested for the production of methane by anaerobic digestion,
with sewage sludge as the source of the merhane-producing bacteria, are listed
in table ITI. As in previously discussed tests, the gas produced by the control
(sewage sludge alone) was deducted from the gas produced by the mixture of sewage
sludge~waste matérial, and the total methane produced by the waste material is
listed in cu ft/lb (dry weight) of solid waste material.

Numerous coals were tested for methane production by anaerobic digestion, but
only two results are listed: LVB coal produced 1.04 £e3 methane/lb coal; the
HVAB coal produced 0.44 £t3 methane/1lb coal. Since this symposium is concerned
with fuels from nonfossil sources, the.coals are mentioned merely to show tha
they too are amenable to bacteriological degradation. :

The garbage char of test 5G-38 (table III) was the residue from pyrolysis at
500° C of a processed garbage. Processed garbage is a raw garbage that has been
shredded after the removal of glass .and metal materials. The fresh garbage of
test SG-41 was a hand-picked, blended mixture of the following: apple, orange,

" silicone rubber, waxed milk carton, potato, newspaper, onion, aluminum foil, egg-

shell, lemon, and plum. As noted, both of these garbages produced about 1.3 £t3
of methane/lb of waste. The processed garbages (SG-43 and SG-44) were the best
methane producers generating 3 to & ft3/1b of garbage. Other materials tested
were shredded brown paper hand towels, shredded newspaper, wood excelsior, and
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cow manure., Apparently, any organic material is susceptible to some degree of
degradation by anaerobic digestion, which makes the process attractive for the
disposal of urban solid wastes since they are a conglomeration  of discarded
materials.

Process Improvements Needed

Although the methods used in our tests gave results that were comparable and
reproducible, it is felt that digestion would have been more complete and higher
yields of methane could have been obtained if changes in test operation were made
to more nearly simulate conventional sewage treatment practice. For example, con-
tinuous circulation of the solid-liquid mixture would provide better contact
between the methane-producing organisms and materials on which they feed. This

_~would also provide more consistent temperature control. Likewise, periodic feed
of waste material and withdrawal of digested solids would aid digestion by provid-
ing the proper balance between organisms and food material.

One of the drawbacks of this system is the length of time required to obtain
complete digestion, As shown by the data in tables I and II, digestion times of
300 to 900 hours may be required. In today's sewage.treatment practice, a l-month
minimum detention time is usually required for providing well-digested sludge.

Any methods of reducing these long digestion times would add greatly to the attrac-
tiveness of the process.

Combined Sewage-Garbage Treatment

To operate a combined sewage-garbage treatment plant, tin cans, glass, and un-
digestable solids would have to be removed from the garbage. The digestable gar-
bage should then be shredded or otherwise comminuted before addition to the sewage
system. The ideal location for addition of the comminuted garbage would be at the
sewage treatment plant. However, it could just as easily be added anywhere along
the sewage collection system, and the sewers would transport it to the treatment
plant. In large cities there could be numerous garbage collection centers strate-
gically located to reduce haulage costs. A disadvantage of this type of system
could be that the additional water added to the garbage to render it transportable
might tend to overload the treatment plant. Wherever the garbage or waste is added
in the system, when it gets to the treatment plant it would undergo conventional
treatment.

The block diagram of figure 2 is an illustration of an activated sludge plant.
The solids removed by the primary sedimentation step (generally about 50% of the
total solids) are pumped to the anaerobic digesters, which are maintained at about
95° to 100° F. - In figure 2, the garbage is shown as being added before the inlet
to the treatment plant; it could also be added to the raw sludge from the primary
sedimentation step, thus subjecting all the garbage to anaerobic digestion rather
than only 50% of the garbage solids. Pumps provide recirculation of the digester
contents. As the solids become digested, they settle to the bottoms of the diges-
tion tanks. The supernatant liquor, which includes excess water and nonsettling
solids, is drained to the secondary treatment system where it undergoes aerobic
digestion, final clarification, and chlorine treatment before being released to
the receiving stream.

Digested solids from the digestion tank bottoms are drained to sand-drying beds
or vacuum-filter presses for drying. The dry digested solids, which have been
reduced in mass at least 50%, are useful as low-grade fertilizers and soil condi-
tioners. As practically sterile digested solids, they are much more acceptable
aesthetically and much less offensive than the original raw garbage.
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The gaseous products of digestion consist essentially of methane (about 65%) and
carbon dioxide (about 357). Many sewage treatment plants today utilize the 650-Btu
gases that they generate in their digesters to operate internal-combustion en }nes
to drive blowers, pumps, and other plant auxiliary equipment._ One such plant
treating about 2 million gallons per day, produced 606,300 ft3 of methane during a
recent l-month period. This amount of methane was produced from abouf 80 tons of
solids contained in the raw sludge pumped to the digesters, or 3.8 ft” of methane
was produced/1b of sewage solids.

If all the solid waste discards that are collected annually in this country by
collection agencies (200 million tons) were_subjected to treatment by anaerobic
digestion, potentially some 1.2 trillion ft2 of methane would be produced based on
yields obtained in our batch tests. Likewise, if all the animal wastes (manure--

-2 billion tons) were also to receive this treatment, an additional 4.4 trillion £e3

of methane could be produced annually. These amounts together are about one-fourth
the annual U.S. consumption of natural gas (4). The value of gas from this poten-
tial source would amount to millions of dollars, and this is a renewable energy
source that is today being wasted.

Conclusions

The urban and agricultural solid wastes being generated in the United States
are a potential source of more than 5 trillion ft3 of methane per year--about
one-fourth our annual consumption. Methane could be produced from these wastes
by the process of anaerobic digestion, the same process utilized in the operation
of household septic tanks. The digestion process would not require exotic or
expensive equipment since it would take place at 95° to 100° F and at atmospheric
pressure. In addition to a gaseous product consisting of 657 to 70% methane and
307 to 35% carbon dioxide, a solid product remains (reduced more than 50% in mass
from the original waste) that is useful as a fertilizer or soil conditioner. One
of the biggest advantages of this scheme is that waste materials are a renewable
energy source that will not diminish like our fossil fuels but will continue to
increase.
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Table I. Ga8s Production by Anaerobic Digestion of v
Garbage and Sewage Sludge

Digestion Gas produced, ml Gas analysis, %

time, hr Total CHq CHyq Coo No

5G-55 o - 24 945 473 50.0 39.1 10.9

2 liters digesterg 72 1690 974 67.2 23.6 9.2

sewage sludge 264 2495 1570 74.0 19.7 6.3

336 2735 1748 N T

s¢-56 24 2080 1310  63.0 35.1 1.9

2 liters digester) . 72 4375 3017 74.4 24.6 1.6

sewage sludge + 264 6230 3724 - 82.7 16.9 0.4
25 grams proc- 336 6620 4048 cmmm meee -

essed garbage

Methane produéed by sludge-garbage mixture (SG-56) 4048 ml
Minus methane produced by sludge (8G-55) - 1748 ml

.ﬁethane produced from garbage: 2300 ml

2306 ml CHge = 1.50 £€3 CHq/lb garbage
25 g garbage

'
1
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Table II. Gas Production by Anaerobic Digestion of Bovine
: = Waste, Grass Clippings, and Sewage Sludge

Digestion -Gas produced, ml Gas Analysis, z

time, br Total CHy CHy CoOo N>
S6-60 82 175 227 19.3 14.8 65.9
2 liters digestetg 286 1425 336 43.5 13.8 42.7
sewage sludge . 310 1625 422  wmee eeee emee
Gas production
ceased
SG-61 46 1930 867 . 44.9 34.2 20.9
2 liters digester 82 2870 1480 64.2 27.0 8.8
sewage sludge + 160 4035 2248 65.9 27.4 6.7
100 g cow manure 286 5095 2966 67.7 27.C 5.3
502 7475 4592 68.3 28.1 1.7
957 10700 6949 73.1 25.2 1.7
6949 ml CHy = 1.11 £t3 CHy/lb manure
100 g manure . .
S5G-62 . 82 1395 239 17.1. 29.6 53.3
2 liters digester 160 3220 1093 46.8 37.1 16.1
* sewage sludge + 238 4605 2072 70.7 25.3 4.0
100 g dried 286 5550 2778 74.7 23.3 2.0
grass clippings 502 8940 5409 77.6 22.4 0
: . 957 12190 7905 76.8 19.4 3.8
7483 ml CHy = 1.20 £t3 CHy/1b grass clippings

100 g grass -
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Test
" _No.

S$G-19
$G-20

SG-38
§G-41

$G-43
SG-44

5G-47

.5G-49

SG-50 -

'SG-58

76

Table III. - Methane Yields from Waste Materials and Coals

by Anaerobic Digestion

Dry Duration Gas production,

3

methane
wt, of test, ml produced/1b
Material E hr Total_/ Methane waste material
LVB coal minus
325 mesh ceee. 100 1330 7600 6460 1.04
HVAB coal minus
325 mesh .... 100 1330 4015 2770 0.44
Garbage char... 100 840 9850 8195 1.31
Fresh garbage.. 50 360 8980 4215 1.35
Processed
garbage...... 50 864 18735 12571 4.03
Processed
garbage...... 25 864 7895 5282 3.39
Shredded.brown ) )
paper towels 25 816 865 692 0.44
Shredded news- . 2
papers...... 25 7% 1500)  coc oot 0.67%/
Wood excelsior 25 734 770) analyzed 0.3421
Cow manure..... 100 234 7800 4402 0.71

control.
2/ Estimated.

1/ Deduction from total production has been made for gas produced by
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‘Low.grode Fuel
fertilizer gas
4
T |
Ground Digested
garbage Sludge studge Anaerobic
drying [~ 7777] : .
addition ying digestion
- 4
Ground . > |
garbage | Raw sludge|
addition | '
| ‘ . !
Comminution > Grit Primory. |
Influent sewer , removal 4 sedimentation | -
i L . |
1_ Activated sludge l
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Figure 2.

Flow Diagram of Garbage-Sewage Treatment Process.
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Thermodynamics of Multi - Step Water
Decomposition Processes

James E. Funk

College of Engineering
University of Kentucky
Lexington, Kentucky 40506

Processes which convert water into hydrogen and oxygen are of interest
for many reasons, including the many advantages accruing to the trans-
port of energy as hydrogen. Hydrogen may be used as a source of ther-

"mal or electrical energy, depending on whether it is burned or used in

an electrochemical device such as a fuel cell.

Hydrogen is also a key raw material in the chemical process industries
and in petroéoleum refining. It is estimated that by 1975 the total
consumption of hydrogen in the U.S. will be at the rate of four tril-
lion cubic feet per year and growing. Gaseous and liquid hydrocarbons
are now the principal raw materials for producing large quantities of
hydrogen by means of either catalytic steam reforming or partial oxi-
dation. The pressure for inexpensive and plentiful pipeline gas,
artificial natural gas, will increase the demand for hydrogen even
more. It would clearly be in the interest of conservation of natural
resources to develop an economical process to produce hydrogen from
water.

A comprehensive study of thermal processes to produce hydrogen from
water was performed and reported by General Motors (1,2). A three
step process involving either tantalum chloride or bismuth chloride
and a four step process using either mercury chloride or vanadium
chloride were described. A general discussion of energy requirements
for the decomposition of water was published by Funk and Reinstrom (3)
and, more recently, a four step thermal process was described by
deBeni and Marchetti (4). A review of the current status of electro-

" lytic hydrogen as a fuel has been published by Gregory, et.al. (5).

Second Law Limitations

If one gram mole of water of liquid water at 25°C and 1 atm is conver-
ted into one gram mole of hydrogen and one half gram mole of oxygen at
25°C and 1 atm the gibbs function for the system increases by 56.7

kcal, the enthalpy increases by 68.3 kcal and the entropy increases by

39 cal/°K. If the decomposition is done reversibly at 25°C andl atm--

say in an electrolysis cell--56.7 kcal, the change in the gibbs func-
tion, must be supplied as useful work and 11.6 kcal, the difference
between the enthalpy change and gibbs function change, must be sup-
plied as heat. .

The amount of useful work required may be decreased by operating the
single step decomposition at some higher temperature. The amount of
energy required as heat will increase by the same amount that the work
required is decreased under the best case assumptions of equal speci-
fic heats and perfect thermal regeneration of products and reactants.

" If the process is depicted on a temperature entropy diagram, the work

reduction is equal to the area enclosed when the process loop is
closed by allowing the cooler hydrogen and oxygen to form water
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reversibly, say in a fuel cell. From this viewpoint the process is a
heat engine and is, therefore, limited in efficiency. to the "Carnot"
“efficiency. This second law limitation has been discussed in more
detail elsewhere (1,2,3).

It is desireable, of course, to reduce the amount of useful work re-

quired to decompose water since such work must be produced from heat
in an engine of some sort. A figure of merit, n,may be defined such
that

le (1
t

where AHO = 68.3 kcal

Q = total amount of heat required by process which accepts 1
gram mole of liquid water at 25°C and 1 atm and delivers 1 \J
gram mole of hydrogen and 1/2 gram mole of oxygen at 25°C
and 1 atm.

Limitations on n resulting from the first and second lawsof thermody- ’
namics have already been derived and discussed (3). .

The quantity Q. comprises two terms,
W
0, = () +o (2)

where W = energy as useful work required

£ = efficiency of converting heat to work

Q = thermal energy required
A 100% efficient electrolyzer operating with a power plant with a & of
30% would yield a value for n of 34%. If the electrolyzer had a vol-
tage -efficiency of 60% n would drop to 22%.

Multi-Step Processes : /

If one supposes that water is to be decomposed by heating it and sepa-
rating the components (i.e., a single step process) the rate of reduc- '
tion of the change in gibbs function with temperature is approximately
equal to the reaction entropy change. As will be shown later, the
theoretical work of separation is equal to or greater than the change

in the gibbs function.

For a single step process the work requirement simply does not decrease
fast enough as the temperature is increased because the entropy change
for the reaction is more or less constant and not large. In a multi-
step process the reaction entropy change is not fixed and may vary
according to the reaction.

Consider the ith reaction in a multi-step process. The work and heat
requirements are ' ‘

wi(i) wo(i) - As(i) [T(i) - T (3)

ofi) + Bs(i) [T() - T_1 (4)

ol

q(i)

It has been assumed that As(i), the reaction entropy change, is inde- ‘
pendent of temperature. The subscript zero refers to conditions atthe !
reference temperature, Tor (@ssumed to be 25°C).
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The total work and heat requirements are obtained by summing (3) and
(4) over the I reactions to obtain

i=sI _
W= AG, - _Zl As (i) [T(i) - T,) : (5)
i=1
Q- Z As (i) T(i) (6)
l=

Another important feature becomes apparent if the process is divided
into J reactions which have positive entropy changes and L reactions
which have negative entropy changes. To minimize the required work,
the first group of reactions should be operated at some high tempera-
ture, TH, and the second group operated at T,. In this case,

'::J -
W = AG, -Jz As(3) [Ty - T, (7)
j=1
As is evident from Egn. (7), the required work is zero when
I~ »
AG,
i As(j) = = °T (8)
ol H ‘o .
Jj=1

There is no reason why (8) cannot be satisfied along with

i=I j=J 1=1.

L : - -39 ___cl _  (9)
Z As(i) = z As(3) + z As(1) = A4S = 39 =58 Hy—°K
Ji=1 i=1 1=1

This result cannot be obtained for a single step process, in which
case the zero work requirement must be accomplished by a temperature
manipulation rather than the selection of a suitable sequence of
reactions.

Work of Separation

The theoretical work of separation, AG_, required to separate a mix-
ture of ideal gases into its components is given by

AGg = - RT'Z n 1ln xy - (0)

where is the number of moles of the kth component and Xy is the
mole fraction of that component.

Fig. 1 shows a reaction proceés which accomplishes the reaction

rlRl + r2R2 + ——— rnRn— p3P1 + Psz + ——— + pmpm (11)
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The amount of material entering.the separator depends on €, the frac-
tional molar conversion of Ry, which in turn depends on the standard
free energy change for the reaction, AGp. Combining the definition of
the standard free energy change for a reacting mixture of ideal gases
with Eqn. (10) yields

ol 51 T2
- = - —_ —_— ——— - ® .
AG_ = AG - R {:e 1in xRl + = 1n sz + (Zp-Ir) 1n p ] (12)
r
: _ 1(1-€)
where le = f?:ETfﬁzf?T , etc.

" and p* is the operating pressure

Eqn. (12) shows that the theoretical work of separation is greater
than standard free energy change for the reaction.

An example of the theoretical work of separation for the vanadium
chloride process is shown in Pigs. 2 and 3. Pig. 2 is a schematic of
the first stage in which there is a gas phase reaction of -chlorine
with water at 1000°K at 1 atm. Fig. 3 shows the theoretical work of
separation and it may be noted that the separation work is increased
if the mixture leaves the reaction chamber at less than equilibrium
conditions. Fig. 3 is for the separation of all four components and
the minimum work requirement is 9.2 kcal per gram mole of hydrogen
produced. A similar calculation for the separation of only the HC1
and 02 yields a work requirement of 7.1 kcal.

The Vanadium Chloride Process

The entire vanadium chloride process is shown in Pig. 4. The sums of
the enthalpy, entropy, and free energy changes do not exactly equal
those for water composition because of questionable thermochemical.data.

"This process was studied in considerable detail. A plant layout was
made assuming a helium cooled nuclear reactor as the heat source.
Estimates were made for pumping, heat regeneration, etc. The results
are shown in Table 1 and, as can be seen, this process is not as
eff1c1ent as a water electrolysis plant.

The object here is not to describe an inefficient process - any number
of such processes can be easily devised. It is, rather, an attempt to
.indicate that processes which may be initially attractive can quite
quickly lose their appeal when subjected to somewhat more practical
considerations of work of separatlon, thermal regeneratlon, pumplng
power, etc. Such a result is not especially surprlsxng in view of the
objective, which, in its most fundamental terms, is an attempt to con-
vert heat to useful work more efficiently than in a state of the art
power plant.
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Table 1
Vanadium Chloride Process Data Tabulation

Parameter Units Systems Remarks

: Maximum helium tem-

v perature F. 2000 | 2000 {1500 | 1500

Minimum helium tem-
perature F 37 37 67 67
Helium system pres-

N sure atm 10 1 10 1 | He pressure drop
equals 10 psi in
all cases

Process heat input kcal | 155 155 475 475
Total heat re-
\ jected kcal 312 382 698 998 | Includes unre-
. covered shaft
K work
, Total heat regene-
: rated kcal 262 262 872 872
j o |etium fhow g——g}gsﬁz 113 | 113 | 383 | 383
\ Helium pumplng
power kcal 3 24 14 105 | 100% efficiency
| Separation work .
\ (VCl4 and He) kcal 18 18 23 23
;! Total separation 4 stages plus
work kcal 33 33 38 38 VCl4 and He
t, . separations
Shaft work input kcal 69 90 90 18 | Separation work
' at. 50%; pump
| work at 100%
! efficiency
\ Thermal power kcal 230 | 300 | 296 | 600 |30% efficient
ToraT . . ' (Heat to work)
otal reactor _kcal |Process heat

i thermal power mole Hy 385 455 770 11075 plus shaft work

N Figure of Merit, n A
E: 18 15 9 6 °
\ 0
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Temparature = |000°K ' ]
Pressure = | atm -

(4
o
T

Lines of constant (.c'z> -

molar feed‘ ratio Hzo

Equilibrium - ‘

N
(o]
T

o]

L]

R . 7
MO+ Cla = 2HCI ) +1/2 04 )

{all components separated)

Theoretical work of separation (for | gm mole of H,) —keal

N )

L _ L L
0 o 0.2 0.4 0.6 0.8 1.0
Extent of reaction =¢ o

Fig. 3 ‘Theoretical Work of Separation
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Stage 1

HOU )-gv)v-

H,0(g) + Cl, (g) ~—2HCI(g) + 1/2 0,(g) at 1340°F | wiami/2 Q,(g)

T7°F

T7°F

AAA
VA

.

!
O}

Stage IL

®

=, (9)

TT°F

-

@

ZVCIz(s)'+ 2HCI (g)-2VCI3(s) + Hz(g) at 77°K

z

©

Stage IIT

O)

4VCly (s} 2VCl, {g) + 2VCl, (s) at 1340°F

Stage I¥

®

2VCI4 (1)~ 2VC.13 (s)+CI2 {s) at 77°F -
) Enthalpy, entropy, and free energy tabulation
. (values in kilocalories)
@@@@@@@@@z
AH | 16.7] i158] -2.7} -10.1| -18.0| 72.5| 83.0|-65.2] 2.0 6.l 267 73.
AS | 4571 18.5] -4.6] -174]-45.4123.6| 7T.8[119.0] 4.T7| 104 0|48
AG |-360] -27] 19.1] 699! -0.51138.91 5.21139.0 0.6 1.7 9159

Fig. 4 Vanadiup Chloride Process -
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A HYDROGEN-ENERGY SYSTEM
D. P. Gregory
Institute of Gas Technology

3424 South State Street
Chicago, Illinois 60616

INTRODUCTION

For some years now, interest has been growing in the use of hydrogen as
a universal fuel — hydrogen that is produced from unlimited seawater by nuclear
energy to provide a clean, universally useful fuel and chemical raw material,
Early interest in the concept dates back before the availability of nuclear
power and was stimulated by the fact that hydrogen could be manufactured
by the electrolysis of water using off-peak electricity, Rudolf Erren, ® work-
ing in Germany and later in England in the early 1930's, foresaw the need to
utilize off-peak power to reduce oil imports into Britain and to reduce pollu-
tion from vehicle emissions. In 1933, he published a paper in which he
outlined the use of hydrogen as a fuel for automobiles and steam locomotives,

Among others who have since-.gziven their attention to the hydrogen fuel
concept are Weinberg,"’ Steinberg, “ and others at Brookhaven National
Laboratory, who considered hydrogen as an essential part of the nuclear-
agricultural complex concept; Winsche et al'”’ of Brookhaven, who looked at
hydrogen as an urban fuel; Murray and Schoeppel’ at Oklahoma State University,
who stimulated work on the use of hydrogen as an internal combustion engine
fuel; Bacon® at Cambridge, England, who saw in the reversible hydrogen fuel
cell a simple way of storing off-peak electricity; Rosenber‘gfu at the Institute
of Gas Technology, who saw the uniquely favorable qualities of hydrogen as a
fuel for domestic appliances; and Marchetti? at Euratom, Italy, who realized
the inherent inefficiencies of producing hydrogen from nuclear energy via an
electrolytic process. These are but few of the many who have proposed or

. studied various aspects of what we shall call "The Hydrogen Economy.' Today
reasons why an overview of the whole concept of hydrogen as a fuel should be
made are even more pressing.

ENERGY SUPPLY

The economy of the civilized world today is geared to the use of energy.
Many studies show that the usual measure of prosperity, the gross national
product per capita, has grown in almost every country of the world at a rate
directly related to the growth rate of the per-capita use of energy. Almost
all of this energy comes from combustion of fossil fuels, fuels which, although
they have taken millions of years to form, are being consumed in a few
hundred.” The signs are already here that we are approaching the end of our
fossil fuel supply: In the U,S., we are now consuming natural gas at a rate
faster than the rate at which new reserves are being discovered. The U.S. is
importing an ever-increasing portion of its oil requirements, anu the cost of
coal is rising rapidly as we bite into less readily worked deposits.

Elliott® has shown that patterns of producibility of the fossil fuel resources
of the U.S. and Canada can be used to predict that the maximum rate of pro-
duction of fossil fuels will occur early in the next century. After that time,
the amount of available fossil fuel energy will fall year by year, although our
overall energy demands are expected to continue to rise. It is therefore vital
to develop nuclear or solar energy sources.

-~ e~
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NUCLEAR ELECTRIC POWER .-

The development of nuclear power stations has been described by the Federal
Power. Commission as a '"'race for our lives'" to meet our energy needs. - Let
us hope that we win the race, but let us also observe that almost the whole re-~
search and development effort in nuclear energy today is directed toward the
conversion of nuclear energy to electrical energy. This same observation can
also be made about the relatively smaller efforts going on -to harness solar
energy and geothermal energy: The goal is to produce electricity..

Electrical energy is a convenient, -clean, and universal energy source in
its end use, but it suffers from a number of technical disadvantages that pre-
‘'vent it from having already become the universal 'fuel.' First, it cannot be
stored without conversion to another form. Storage batteries are relatively
expensive and heavy, and sites for pumped storage systems are limited. This
limitation requires that the generation rate match, almost exactly, the consump-
‘tion rate, responding instantaneously to fluctuations in demand. The result is
an expensive and necessarily ''overdesigned' supply system. Second, it is
incredibly expensive to transmit electric power over long distances without the
use of unsightly overhead cables and towers. Underground power lines of
similar capacity to those - more familiar overhead cross-country systems cost
10-40 times as much as overhead lines.!4

NUCLEAR CHEMICAL POWER

Since we use a very large proportion of our energy directly as heat, per-
haps it makes more sense to satisfy this portion of our needs by burning fuel
directly rather than using the intermediate and inefficient conversion to elec-
tricity, We should look, then, for a synthetic fuel that can be used to store
and transport the energy produced by nuclear power stations.

It is possible to conceive of a number of synthetic chemical fuels that
could be produced from a nuclear heat source. The choice is severely lim-’
ited, however, if we consider the use of the atmosphere as a carrier to re-
turn the "spent" fuel to the synthesis station. We certainly cannot consider
any synthetic high-energy chemical that produces a noxious or voluminous
combustion or oxidation product, and, except for specific applications, we cannot
afford to collect and transport the spent fuel back to its point of origin.

To obtain compatibility with the atmosphere, therefore, we must limit the
combustion products to water, nitrogen, and carbon dioxide, from which the
fuel itself must also be synthesized. - Although alcohols, hydrazine, and am-
monia fall into this category, their combustion raises the possibility of pro-
duction of noxious carbon or nitrogen compounds, including carbon monoxide
and the oxides of nitrogen. Hydrogen has the unique combination of being
readily synthesized from water, being readily auto-ignited and undergoing low-
'-temperature combustion on a catalytic burner, and, in doing so, forming a
completely clean combustion product — water. '

HYDROGEN .FUEL

Two major criticisms can be leveled at the use of hydrogen as a fuel:

1) It is too expensive to produce, and 2} its transportation to the point of use
is. costly because it requires heavy compressed-gas cylinders. Neither of
~ these criticisms is valid if an imaginative approach is taken to the problem.

" Very large electrolysis plants running off the entire output of a large nuclear
power station are technically feasible. Since we are accustomed to moving
huge quantities of natural gas across the country in pipelines, the same ap-
proach can be applied to hydrogen. We will show that even today, the concept




of making hydrogen on a large scale and delivering it to a nationwide transmis-
" sion and distribution system should be able to provide delivered energy more
cheaply than the average selling price of electricity.

Hydrogen Production

Today, most of the enormous quantity of hydrogen produced in the United
States — over 2500 billion cubic feet per year and growing fast — comes from
the reaction of natural gas with steam. Smaller quantities are made by elec-
trolysis of water where cheap electricity is available, or where extreme
reliability is needed. These are the key words of the future: Nuclear power
will provide ."'cheap electricity'' — perhaps not cheaper than today, but cheap in
comparison with the future cost of fossil fuel energy — and any energy supply
system must be endowed with "extreme reliability.” Electrolysis therefore
appears to be one logical choice of process. Studies carried out in 1965-66
by Allis-Chalmers for the Atomic Energy Commission® and subsequent cost
analyses published by Oak Ridge National Laboratory® are the most reliable
and recently published sources of predictions on the cost and availability of
large-scale electrolyzers. These studies investigated two sizes of plants in-
tended to produce hydrogen for ammonia production in an agricultural-nuclear
complex. Table 1 gives the estimated costs of the larger of the plant sizes
studied and other relevant details of the plant's characteristics.

Table 1. INSTALLED COST OF
ELECTROLYTIC HYDROGEN PLANT#

$ % of Total
Mechanical Instrumentation, Processing, 5,413, 000 14, 1.
Piping and Structures
Electrical ’ 21, 018, 000 56,0
Electrolysis Cell Modules 11,109, 000 29, 6
Total 37, 540, 000 100.0

Hydrogen production rate: 44,000 lb/hr, or 7.8 million SCF/hr,
Electrical input: approximately 1000 MW.
Source: Reference 3. .

In calculating the hydrogen production cost, we have to assign an operating
efficiency for the electrolyzer, which leads in turn to an interesting observa-
tion: When hydrogen is burned, the energy released is equal to the whole of
the combustion energy, or enthalpy change. However, only a portion of this,
the free energy, is interchangeable with electricity, either in a fuel cell or its
reverse, the electrolysis cell. The remainder, the entropy change, must be
supplied or released as heat. An ideal electrolyzer cell absorbs the free
energy change as electricity and requires the input of a further 20% of heat
energy to maintain an overall balance. In other words, a perfect electrolysis
cell would absorb heat, and the heating value of the hydrogen produced would
be 120% of the electrical energy put in, :

Although modern electrolyzer cells are only about 60% efficient, it seems
reasonable a) to aim at a figure close to 100% in electrical efficiency as ‘a
target and b) to suppose that this could be achieved if considerable research
and development is applied to electrolyzer technology in the next 2 or 3 decades.
In fact, some of the Allis-Chalmers published data on its laboratory cells in-
dicate that they were operated at electrical efficiencies exceeding 100% at
elevated temperature and pressure.

/4
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. Because of uncertainty over future electricity generating costs, we choose

to subtract the electric power costs from all the other costs of building and
operating the electrolyzer. This gives us an incremental cost for the conversion
of electricity to hydrogen, which is a useful figure independent of power costs.
As far as cost is concerned, we make two observations, Oneé is that the cost

of ‘the whole electrolyzer plant is about $35/kW input, which is small — almost
insignificant — in comparison with today's estimates of $400/kW or more for 1980
nuclear power plants. The other is that the extra cost of producing energy at
the power station as hydrogen rather than as electricity is likely to be about
$0.29-$0.57/million Btu — the higher figure being based on a 70% and the

lower figure on a 100% electrical efficiency.

A Hydrogen Transmission

Over 86% of the households in the U.S. are at present supplied with nat-
ural gas fuel. This ubiquitous natural gas may arrive in our homes after a
transcontinental journey from a well in Texas or Louisiama, and after a tem-
porary sojourn through the summer months of light demand in a natural under-
ground storage system in another part of the country. This country already
has an efficient and highly developed network of transmission pipelines, storage
systems, and distribution pipes which are capable of moving energy around
the country in enormous quantities at relatively low cost. But because the
system is buried underground, most of us are unaware of its existence, or
we simply take it for granted. In contrast, complaints about the obvious
growth of the aboveground electricity network have presented the electricity
industry with an incredibly difficult problem, both in public relations and in
the sheer economics of burying the cables.

Nobody has yet constructed a 1000-mile pipeline to carry hydrogen at high
pressure; however, many shorter pipelines are in use in industry'® to carry
bulk hydrogen from the production plant to the consumer. The technology
exists, but the need for long-distance applications has not yet arisen.

Because of hydrogen's lower heating value (325 Btu/SCF compared to 1000+
Btu/SCF for natural gas), it might appear to require significantly larger pipe-
lines to carry the same amount of energy. However, although we have to
move about 3 times the volume of gas, the lower specific gravity of hydrogen
produces a nearly compensating increase of 2.5 times the flow capacity of a
given pipeline.15 The greater volume of gas to be handled results in an in-
crease of 3 times the pumping power needed for transmission. Experience
in moving large volumes of hydrogen within chemical plants and refineries
makes it appear that we can use pipelines of similar size and materials to
those used for natural gas. The combination of these factors suggests that an
increased capital and operating cost of about 60% will result from the long-
distance transmission of hydrogen rather than natural gas, based on equivalent
‘amounts of energy. Because the safety precautions in a hydrogen distribution
system will be more demanding, we will assume a 100% increase in capital
and operating costs for a local hydrogen distribution system.

Hydrogen Cost

Using statistical data published by the American Gas Association® and the
Federal Power Commission,'? it is possible to break down the average selling
prices of gas and electricity into their production, transmission, and distribu-
tion components. Using the average production price of electric power, the
cost of electrolysis referred to earlier, and the assumptions previously out-
lined for the increased cost of transmitting and distributing hydrogen, we arrive
at the figures shown in Table 2, based on the latest available (1969) statis-
tical information.



Table 2. RELATIVE PRICES OF DELIVERED ENERGY

Electricity Natural Gas Hydrogen
$ /million. Btu

Production 2,52%# 0.16 2.81-3. 09%
Transmission 0. 62 0.18 0.22
Distribution . 1.61 0.27 0.34

Total (average selling price) 4.175 0. 61 3.37-3. 65
#

Power purchased at 8. 6 mills/kWhr.

Table 2 illustrates clearly the already recognized facts that transmission
and distribution of energy in underground natural gas pipelines cost only
about 20% as much as transmission and distribution of electrical energy
(largely by overhead lines) and that purchase of delivered energy as natural
gas is nearly 8 times cheaper than electricity. What is also apparent from
these figures is that if we could build and operate an Allis-Chalmers electro-
lyzer today at the predicted costs, we should be able to deliver hydrogen
energy to the average user more cheaply than electrical energy.

As time progresses, we expect the costs of natural gas and electricity to
rise, but at different rates. Nuclear electricity costs are predicted to rise
only slowly because the breeder reactor will provide energy with very little
limitation in the fuel supply. In contrast, all fossil fuel prices, including
natural gas, will rise more rapidly because the resources are being depleted,
and future production becomes correspondingly more expensive. Ultimately,
the cost of natural gas will exceed that for hydrogen. At that point, the
"hydrogen economy'' will be truly justified economically. Before that time,
conservation of fossil fuel supplies and of a clean environment could accelerate
the justification of a hydrogen system.

CONC LUSIONS

This paper has not dealt with the opportunities and the problems that would
be raised by the universal availability of hydrogen as a fuel, Some of these
will be obvious, and.others are dealt with elsewhere.’ The sheer magnitude
of a conversion operation would be so great as to require years of planning.
The benefits of such a conversion would be immense to the gas industry, which
would thus have an active role in the ''nuclear age''; to the electric industry,
which would benefit from the improved load factors, lower transmission costs,
and greater freedom in power station siting; to the waste disposal industry,
which would find an abundance of by-product oxygen available at a very low
‘price; to the chemical and metallurgical industries, which would both find ex-
panding uses for commodity hydrogen; and to the general population, which
would benefit from the almost complete elimination of atmospheric pollution.
Perhaps most important of all, such a change-over does not appear to present
any technical ''roadblocks,'' Although the problems are immense, they appear
to be straightforward technological problems which do not require the ''tech-
nological breakthrough' that appears to be the stumbling block of so many
otherwise sound concepts. .
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Fluid Flow Aspects of ﬁater Electrolyzers
James F. Thorpe

University of Cincinnati, Cincinnati, Ohio
.James E. Funk
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In considering possible processes for producing fuels as alter-
natives to fossil fuels, the Water Electrolysis Process is a feasible
one. For example, the Water Electrolysis Process is being considered
on a large scale in connection with Industrial Complexes which can
desalt water, produce power and other products such as hydrogen, oxy-
gen, ammonia, ammonia nitrate, and nitric acid (1). The energy source
could be a large nuclear reactor coupled to a large electrolyzer sys-
tem. ‘

Water electrolysis is a process in which hydrogen and oxygen
gases are produced from water by the application of electric energy.
Perhaps the simplest method for controlling the production of these
gases 1is to use an electrolyzer consisting of a number of electroly-
sis cells, using a liquid water solution as electrolyte, and connect-
ing them hydraulically in parallel. Electrically the cells may be -
connected either in series or parallel.

Each cell is made up of a cathode (on which hydrogen is produced),
an anode (on which oxygen is produced), and the electrolyte which
flows through the cell. The anode and cathode are separated by a mem-
brane which may be porous to liquid electrolyte but not to the gases
being generated, so that the gases will not mix. A cross section of
such a cell is shown in Fig. 1.

To develop a modern electrolyzer technology will require much
more basic engineering information concerning two-phase flow, elec-
trolytes, electrodes, and control than is available at present. The
purpose of this paper is to present an analytical basis developed by
the authors for investigating the two-phase flow occurring in an
electrolysis cell along with a review of related experimental data.

The electrolysis process is complicated because of the simultan-
eous occurrence of coupled, non-linear, transport of mass, momentum,
energy, and charge in the presence of electrochemical reactions in
the electrolyte and on the electrodes. The precise definition of
these processes is virtually impossible and in this paper one dimen-
sional (or hydraulic) equations will be used to define the flow in
an electrolysis cell configuration such as is shown in Fig. 1.

} Tobias (2) seems to have been the first to contribute signifi-
cant work on this problem. He assumed, however, that there was no
membrane in the cell; that the inlet velocity was zero; and that the
gas velocity was independent of void fraction. Funk and Thorpe (3)
presented a more general analysis of the void fraction and current
density distributions in an electrolysis cell subject only to the
assumption that the gases are incompressible. Then later, Thorpe
and Funk (4) presented a theoretical and experimental investigation
of the pressure drop occurring in an electrolysis cell. There are
also several papers on Electrochemical Machining (5,6) in which an
allied problem is discussed.
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TRANSPORT LQUATIONS

The equations to be derived will be based on the assumption that
the flows can be considered as one-dimensional, two-phase, flows.
There will be, then, only One independent space variable s.

The electrolyte flow is from the bottom toward the top in a cell
of width H and length L. The cell consists of two parallel channels
separated by a membrane. Flow in the hydrogen side consists of a two-
phase mixture of hydrogen gas and electrolyte in a thin rectangular
channel (H by y2) formed between the membrane and the cathode. Flow
in the oxygen side is similar in a channel (H by yj). The membrane is
assumed to be porous to OH™ ions and possibly to liquid electrolyte.
Subscript 1 denotes the flow properties on the oxygen side while sub-
script 2 denotes similar properties on the hydrogen side. Various
species within a channel are identified by the subscripts g for gas,

v for mixture of gas and vapor, f for liquid electrolyte, and h for
the hydroxyl ion. Since only an alkaline electrolyte is considered,
the hydrogen ion is neglected. ’

The transverse current density (current flux) i in the cell is a
function of position s. If the cell is vertical the coordinate s is
identical with vertical coordinate z. The current flux i generates
hydrogen gas on the cathode at the local mass flux rate mga. Water
may evaporate into the hydrogen gas bubbles so that instead of a dry
gas, a mixture of water vapor and hydrogen gas will flow upward with
average velocity Vg3 in some equivalent area proportional to the di-
mension yys. The gas bubbles, or voids, are contained within an elec-
trolyte layer near the cathode surface which is called the hydrogen
bubble layer of thickness §3.

The liquid electrolyte flow on the hydrogen side occurs with
average velocity Vgp in an equivalent area proportional to yf2 where

Y2 = Yy2t¥so- (1]

A similar flow configuration exists on the oxygen side where oxy-
gen gas is liberated on the anode at mass flux rate Mg - Then

Y1 = Yy1tYfl- (2]

A hydroxyl ion flux occurs through the membrane which has the net
effect of transporting Hp0 from -the cathode side to the anode side of -
the cell. 1In addition to the ion flux, the membrane may be porous to
liquid electrolyte. These fluxes through the membrane are denoted by
Mmh, Mf.

n ghe definitions and derivations which follow will apply to either
hydrogen or oxygen sides of the cell so that, in the interest of sim-
plifying the notation, the numerical subscript will be omitted.

The vapor quality X, consisting of the mixture of gas and water
-vapor, is defined by the equations :

W. W :
= l . - - —f-
X =% (1-X) T [31
where
Wy = pyAyVy, . (4]
We = peAfVs, (51
W = WV+Wf ’ [6 ]
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and p¢ = liquid density, py = vapor density, Af = Hyg is the area
occupled by liquid, Ay = Hy, is the area occupied by vapor, V¢ = aver- .
age liquid velocity, V,, = average vapor velocity.

The vapor volume fraction «, sometimes called the void fraction,
and the liquid holdup (1-a) are defined by

o= (1-) = B, (7]

where
A = AV+Af = Hy. [8]

If equations [3] to [7] are combined, the following important
equation is obtained

1-a

Q

Yy, 191

_ 1-X, ;o
= ol (0

where o is the slip ratio (also called the phase velocity ratio)
defined by

V.
=
o 7 [10]
In general the slip ratio depends on pressure p, void fraction a, mass
flow rate W, channel area A, density ratio py/cf and channel orienta-
tion.

Most of the engineering quantities of interest in an electrolysis
cell, such as electrolyte ohmic resistance or pressure drop, are func-
tions of the void fraction a; the void fraction, in turn, depends on
the slip ratio o which in general is unknown. There are several models
which express the void fraction, slip ratio relationship. The simplest
model is the homogeneous model in which ¢ is assumed unity.

_ Continuity Equations(Mass Transport)

At some position s along the electrolysis cell shown in Fig. 1,
consider an elemental control volume for the gas phase. Gas 1is con-
sidered to be generated at the interface between liquid electrolyte
and gas phases. This gas enters the gas phase control volume and is
represented as a source of strength mg. The quantity myg is a trans-
verse flux having units of gm em~1 sec™

The law of conservation of mass as applied to the gas phase
control volume is

d Wy = mqg, f11]
ds

where W4y is the mass flow rate of gas in the channel.
In a similar way, the continuity equation for the liquid electro-

lyte phase is derived as

d Wg = —mg+(t)mh+(t)mf, [12]
ds

where the mass flux rate mg is given by

_ . _ N
mg = Agis Ag = G2 - [13])
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The atomic welght of the gas is Ng while its valence upon electrolytic
decomposition is €g- The proportionality constant Ag is the electro-
chemical equivalent.

. The mass flux mf is non-zero only if the membrane is porous to
liquid electrolyte; if the membrane does have this property, then both
the magnitude and sign of the term mf depend on the pressure distribu-
‘tions along the two sides of the membrane.

The hydroxyl ion flux mp can be related to the flux mg from the
equation of the electrochemical reaction occurring in the channel. On
the cathode side, for example, the equation is’

cathode: | 2Ho0+2e~+20H~+Hj. [14]
For every gram of hydrogen generated on the cathode side, there are
17 g of hydroxyl ions passing through the membrane; this ion flow is
provided by the liquid electrolyte phase. Thus on the cathode side,
the minus (-) sign is selected for mp and
cathode: my = -l7mg. _ [15]
On the anode side, the electrochemical reaction is
anode: 20H™+1/20)+H50+2e™. [16]
Thus for every gram of oxygen generated, there are 2.125 g of hydroxyl
ions flowing through the membrane into the oxygen channel. 1In this
instance, the plus (+) sign is selected for mp and

anode: mp = 2.215mqg. [17]

The foregoing development has not considered the mass transport

{

1

1
%

due to water evaporation into the hydrogen or oxygen bubbles. However,'

it can readily be shown that if the gases are assumed to be saturated
with water vapor, the mass fraction of the hydrogen or oxygen gas in
the vapor mixture is

1

1+§ﬂ( Pw ) [18}] -
Pth

where py; is the water vapor pressure and py is the total bubble pres-
sure; My, Mg are molecular weights of water and gas respectively.

Rewriting equations [11], [12] to account for water vapor trans-
fer, along with definitions made previously, the continuity equations
become

d e, M : .
g = gt B i, o [19)
d _ 1y My .
e = [(-D) Mg(p——t%)]kgl‘*(i)mfl (201
where
Ag = 0.228x10-7;y = -17 (cathode side), [21]
Ag = 1.824X10-7;y = 2.125 (anode side).

J

i

/




S w—

T e e W e -
b, - =

9

Energy Equation(Energy Transport)

The energy transport of the gas phase will be neglected due to
the low thermal conductivity and heat capacity of the gas compared to
that of the electrolyte. Then only the liquid phase needs to be con-
sidered.

In applying the first law of Thermodynamics as it applies to a
representative control volume, it will be assumed that the transport
of kinetic and gravitational specific energies are negligible compared
to the specific thermal energies. Also, the energy transport due to
liquid conversion to vapor is neglected. Then, an energy balance gives

WeghE = H(g"+iE), [22]

where hf is the electrolyte enthalpy, g" is the heat flux transferred
to or from the electrolyte, and E is the ohmic voltage drop across the
electrolyte. Note that

hf = CT¢ ; g" = h(Tg-Tg), [231

where T¢ is electrolyte temperature, Tg is electrode surface tempera-
ture, h is the heat transfer coefficient, and C is specific heat.

Equations of Motion(Momentum Transport)
In making the momentum balance, both vapor and liquid phases are

included at the same time. Then upon applying the momentum theorem
to a representative control volume, it can be shown that

dV dav. dp dz 24]
Wfdsf dsv = -Ags Hr-omgg” [

‘where 1 is the average shear stress, pp is the density of the two phase
- mixture, and p is the static pressure. 1In deriving this equation, the

momentum transfer due to liquid conversion to vapor has been neglected.

Electrical Relations(Charge Transport)

Consistent with the one dimensional transport equations of continu-
ity, energy, and momentum is a one dimensional transport equation of
charge within the electrode gap. However, such an equation will in-
volve ion mobilities, electrochemical reactions, and other complicated
processes which will not be presented here. Instead, the electrical
phenomena will be represented by a simple form of Ohm's law.

Let the sum of the electrode polarization and decomposition poten-
tials be denoted by AE while the applied voltage is Ez. Then the
voltage E available for overcoming ohmic resistance of the two-phase

electrolyte is given by

=
i

= E4-AE, [25]

E

iRc, 126]

where Ro is the ohmic resistance of the cell. This resistance consists
of a membrane resistance R, in series with resistances Ry, R, of the
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electrolyte—bubble mixtures in the oxygen and hydrogen channels of the
cell, That is

Rec = R1+R+Ry. [27]

The resistances Rj, Rz are functions of the properties of pure
liquid electrolyte, the void fraction o, and the temperature Tg¢.

The cross section of the channel occupied by vapor at position s ’
is proportional to Y4. This void is distributed within some bubble b
layer of thickness §. The void fraction o' based on bubble layer
thickness (that is, the void fraction within the bubble layer) is de- i
fined by

a' =Yg, ' [28)

The resistance within the bubble layer is some function of o' rather
than a.

' The total transverse resistance, per unit cross sectional area 4
perpendicular to y is

R = ryps+re(y~s), _ [29]

where ry, is the two-phase resistivity in the bubble léyer and rf is
the liquid electrolyte resistivity. The guantity rg is, in general,
temperature dependent, say

1l = 1 /
fe | pollee(re-T)l, [30]

where B8 represents a temperature coefficient and subscript o denotes {

conditions at the cell entrance. ’
The two-phase resistivity, in the bubble layer, is a functlon of

a' assumed to be of the form /

rtp = rff(cx'). [3-1]

The function f is determined from some void fraction-resistivity model
which assumes a homogeneous distribution of bubbles within an electro-
lyte matrix. A generalization of such heterogeneous condition mechan-
isms is ’

fla') = (1-a') D0, : [32]
Tobias (2) proposed that n = 1.5 while Thorpe and Zerkle (5) found
that n = 2 gave better results in the allied problem of electrochem-
ical machining.

It can be noted that

o' = La, ' [33]
so that equation {29] can be written as
R = rel(y-8)+6g (%)l (341

The electrode polarization over voltages are generally assumed
to obey Tafel equations of the form :
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AEp = atblni, [35]

where a, b are constants depending on electrode material, electrolyte,
temperature, and pressure. Denoting the decomposition potential by
AE3, then .

AE = AE,1+AE,
Equations [25]), (26}, ([27), (34}, (351, [36] can be combined to give
an implicit relation between the applied voltage E,, current density i,
vapor void fractions aj,cp, bubble layers §;, 83, and temperatures
Ty, T,. That is

2+AEd. (361

i=1i(Ey,i,01,02,67,82,T1,T2). (371

As a first approximation, the quantity E could be regarded as known
independent of i which greatly simplifies the problem.

Recapitulation

The equations above represent a one~dimensional approximation of
the processes occurring within the electrolysis cell. As they stand,
they involve more unknowns than there are equations so that additional
relations are required. Additional equations will be the equations of
state of oxygen and hydrogen gases, empirical relations for the shear
stresses, and either empirical or theoretical expressions for the slip
ratios. Furthermore, these equations are strongly coupled together
through pressure and temperature. Although this is a complicated sys-
tem of non-linear, coupled, differential equations the programming of
them for computer solution is not an insurmountable task.

ANALYTICAL STUDIES

It is surprisingly simple to obtain algebraic equations for the
vapor quality X and void fraction a in terms of the slip ratio ¢ and

. integrals of the current density i. This is done by integrating

equations {19), [20} from the inlet (s = 0) to some point s in the
cell and substituting into equations (3], (6] to obtain

W S.
- [l+”—"ﬂ!! (B agus®ias (28]

Wf(0)+ylgH£sidS

Substitution of equation [38] into (9] then gives the void fraction a
as a function of slip ratio o, the vapor density py, and integral of
the current density i.

In carrying out parametric studies of the current density distri-
butions in electrolysis cells, Funk and Thorpe (3) used the resulting
equation [9], as described above, along with the following further
assumptions:

(1) Both gas and liquid flows are assumed incompressible and isother-
mal. This permits a great analytical simplification in that it
decouples the continuity and resistivity equations from the momen-
tum and energy equations.

(2) The bubble layers are assumed to extend completely across the
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channels. This assumption seems to be justified from visual obser-

vations which show the bubble layer to fill the channel except in
a short entrance region. i
(3) The membrane is assumed to be permeable only to the hydrokxyl flux
: and not to liquid electrolyte.
(4) Water vapor in the gas is assumed negligible.

With these assumptions, the system of equations reduces to a set
in which there are only three more unknowns than equations; these un-
knowns are the applied voltage E and the slip ratios o1, g3. If Eg,
01, 02 are regarded as parameters then the system can be solved simul-
taneously for the void fraction o and current density i. Since inte-
gration of the equations brings the cell inlet velocity into the prob-
lem as a boundary condition, it is also a parameter.

The electrical requirement is expressed by combining equations
f25], [2e6], [27], [34], [35], [36] to obtain

Ea—[(a1+a2)+(bl+b2)lni+AEd] = i{Ry+rrly1f(a1)+yzf(a3)]}. [39]

Equation [39] along with the two equations ([9] for the void fractions
a1, @, are a set of three equations in three unknowns o1, ap, i and
four parameters E, 01, 03, Vo. These equations were programmed for
numerical solution and solved for a specific cell geometry as defined
in reference (3). By examining the resulting current density distri-
butions it was concluded that:

(1) The effect of slip ratio is pronounced particularly at the higher
cell voltages.

(2) The effect of cell inlet velocity is very important and particu-
larly so at the higher cell voltages.

(3) The void fraction distributions will be practically identical in
the two sides of the cell if the hydrogen side cross section is
twice that of the oxygen side and both are subject to the same
inlet velocity.

These results are not entirely unexpected based on an intuitive
understanding of what is occurring in the electrolysis cell. They
did, however, point out the importance of making experimental studies
to determine what the actual slip ratios will be in a real electroly-
sis cell. .

Before describing these experiments, it is appropriate to mention
some of the analytical results obtained by Thorpe and Zerkle (5,6) for
electrochemical machining. There are two major conclusions which may
be pertinent to electrolyzer design:

(1) If the current density distribution is assumed to be constant
along the cell as a first approximation, it is possible to inte-
grate both the continuity and energy equations to obtain a re-
markably simple set of algebraic equations. This makes possible
the idea of fitting theoretical curves to experimental data in-
order to determine the heterogeneous conduction exponent n in a
very simple and convenient manner.

(2) Under certain conditions (say, of high electrolyzer output) it
is possible to experience a choking phenomenon similar to that
which is well known in the field of compressible flow. This is
due to the presence of gas in the electrolyzer and this effect
should be considered in the design of electrolyzers.

For further information, references (5,6) should be studied;
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EXPERIMENTAL -STUDIES

Several experimental investigations of void fraction and pressure
drqp occurring in water electrolysis cells have been conducted at the
University of Kentucky. Instead of discussing the experimental appara-
tus and procedures in detail, only a summary will be presented here.
References (3, 4, 7) can be consulted for detailed information.

The experimental apparatus consisted basically of a flow loop,
positive displacement pump, a current source, instrumentation, and a
gamma ray attenuation system for measuring void fractions. The elec-
trolyte used was one normal KOH while the electrodes were stainless
steel. The test section was made from plexiglas and stainless steel
with oxygen side cross section 1" by 0.18" and hydrogen side cross
section 1" by 0.18". This test section was 36" in length preceded
by an entrance length of 21". The membrane consisted of a polysty-
rene coated nylon cloth sandwiched between two slotted plexiglas hold-
ers.

Studies of the flow pattern indicated that a bubble boundary lay-
er existed at the test section inlet but that after a short distance
(6"-8") downstream, bubbles occupied the complete cross sections dis-
persed as small spherical bubbles in essentially a froth flow. The
flow velocities were of order of magnitude 0.5 ft sec™l and the current
density was of order of magnitude 250 amp ft—2. This resulted in oxy-
gen bubbles having an average diameter of about 4.5%10-3 inches and hy-
drogen bubbles having an average diameter of 3.5 X 10-3 inches. For
such small bubbles, the assumption that the gas is saturated with water

.vapor is justified and this was assumed in calculating the vapor densi-

ties.

The slip ratio was determined in the following way. First, the
void fraction was determined experimentally using a 20 mc Cesium-137
gamma source, a scintillation probe as detector, collimator, and asso-
ciated electronic equipment as discussed in reference (8). Next, the
vapor quality X was determined by measuring the current density dis-
tribution i, the inlet flow rate Wg¢(o), and substituting into equa-
tion (38].

With o« and X known, the only remaining unknown in equation {[9]

is the slip ratio o. If the ratio (l-u)/oa is plotted against the

ratio p,(1-X)/peX, the slope of a line through the data is the slip
ratio o. Such plots indicated that the slip ratio is essentially
unity. ) .
Another way of plotting the data is to plot the void fraction «
against the vapor volumetric flow fraction ¢ defined by

1

¢ = . [40]
T-X )
1+ (=) (21
(=% )(pf)
The data is plotted in this manner in Fig. 2. Also plotted in
Fig. 2 are the homogeneous model (¢ = 1) and Bankoff's model (9)
which gives essentially the same results as those of Martinelli and
Nelson (10). The figure indicates that the slip ratio is close to

unity for both oxygen and hydrogen sides of the electrolysis cell.
It should be remembered, though, that this conclusion is drawn for
a single cell geometry and rather low throughput conditions.

The determination of the slip ratio is prerequisite to a deter-
mination of pressure drop correlations because the pressure drop
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depends on the void fraction. In other words, the conclusion that
the slip ratio is unity permits the pressure drop equations to be
_written in terms of the vapor quality X through equation [9] which,
in turn, depends only on the (measured) current density distribu-
tion i and (measured) inlet flow rate Wg(o).

Data reduction was carried out by evaluatlng the acceleration
and elevation pressure drop components of equation [24] and sub-
tracting them from the (measured) total pressure drop. In this way
the frictional pressure drop component is isolated. The actual data |
reduction was programmed for digital computation and involved a deter-
mination of the void fraction o at the same time.

Each test run involved a determination of both the single phase
pressure drop in the absence of electrolysis (which is entirely fric-
tional) and the two phase pressure drop with electrolysis occurring.
In this way, it is possible to compute a frictional pressure drop mul-

tiplier ¥ defined by .
(Ap) tpf
¥ = T—QT—P— [41]
bplspf

Attempts were made to correlate ¥ against several parameters in- .
cluding the void fraction a. These attempts led to the formulation
of a variable @ defined by

1/3
adei gh [42]

The factor Agi which has units and dimensions of a mass velocity is i
a measure of the lateral vapor mass flux away from the wall. Super-
ficially, this factor can be viewed as an increased roughness of the
electrode surface. When it is divided by the gas density py, a super-
ficial transverse velocity is obtained. The ratio of this transverse !
velocity to the axial velocity at inlet V, is a dimensionless similar-
ity variable and a measure of dissipation in the flow. Attempts to
correlate ¥ in terms of this ratio and also in terms of void fraction a
. indicate that ¥ should be correlated in terms of the product of the
two. However, two distinct correlations were obtained in this way for
the oxygen and hydrogen sides. :
It was found that the two correlations for oxygen and hydrogen
could be brought together by introducing the density ratio (pv/pf)1/3.
Thus the correlation parameter Q@ was synthesized and the frictional
pressure drop multiplier ¥ was correlated for both oxygen and hydrogen
as shown in Fig. 3. Except for points near ¥ = 1 where the experi-
mental errors can be rather large, this correlation is accurate to
within * 20 per cent.

“~

SUMMARY

In this paper, a summary of some of the fluid flow aspects of
water electrolyzers has been presented along with research which has
been already published in the literature. Admittedly, the approach
has been restricted to a single type of electrolyzer and to data ap-
plying only to a very restricted range of geometries and flow vari-
ables. This should, however, provide a convenient basis or point of
departure for future work in the event water electrolysis becomes an ‘
important mechanism for producing fuel.

Much work remains to be done in order to advance the state of
electrolyzer technology. For example, further studies should be con-
ducted over a wider range of ambient operating pressures, tempera-
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tures, flows, and current densities. -Also} complete system studies
should be conducted which include the problems of optimization and
control.

10.
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NOMENCLATURE(Consistent Units)

constants in the equation describing polarization over voltage
(Eq. [35])

channel flow area

specific heat of the electrolyte

voltage applied to the cell

voltage drop in the two phase electrolyte
water decomposition potential

electrode polarization overvoltage

sum of AEd and AEp

channel width

current density

electrolyzer cell length

local mass flux

molecular weight

atomic weight

pressure

liguid electrolyte resistivity
resistivity of the two-phase bubble layer
total cell transverse resistance

ohmic resistance of the cell

membrane resistance

temperature

fluid velocity

mass flow rate

gas quality or gas mass fraction

channel thickness

vertical coordinate

Greek Letters

void traction based on channel thickness
void fraction based on bubble layer thickness
temperature coefficient

defined by equation [21]

bubble layer thickness

valence upon electrolytic decomPOS1tlon
constant defined by equation [13]
density

slip ratio or phase velocity ratio

wall shear stress

gas volume flow fraction

two-phase flow frictional multiplier
correlation parameter

Subscripts

channel inlet conditions
anode side

cathode side

gas

liquid

hydroxyl ion

vapor

P N, S U W S

A _— ) N
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MARK -1 , A CHEMICAL PROCESS TO DECOMPOSE WATER USING NUCLEAR HEAT

G. De Beni , C. Marchetti
C.C.R. EURATOM - ISPRA - VARESE (ITALY)

INTRODUCTION

The evolution of nuclear reactors has followed mainly two trends:

1) The increase of the maximum coolant temperature ‘
2) The decrease in the heat cost due to the progress in technology and
to the increase in reactor size.
The demand for higher outlet. temperatures, in view of higher efficien-
cies in the electric energy production, led to development of reactors
capable of those high temperatures, e.g. the Advanced Gas Cooled Reac-
tors, the Molten Salt Reactors, the High Temperature Gas Reactors.
HTGR' s have the advantage over the other two reactor concepts that their
output coolant temperature is higher and that the properties of their
core materials could tolerate additional -increases in temperature.

Also from the commercial point of view the HTGR's won a round a-
gainst to the other two with the order of Philadelphia Electric for a
station equipped with two such reactors, with a total net electrical
capacity of 2,320 Mwe. (1)

Electricity, the usual form for marketing nuclear energy, meets
only about 20% of the energy needs for a technologically developed so-
ciety. This fact. 1limits the role nuclear energy can play in the total é
energy supply. ) )

Looking for a mean to penetrate the remaining 80% of the energy
market we considered that hydrogen could be the ideal carrier; so, a |
few years ago we started looking for a process to produce H2 using nu-
clear heat.

. The temperature level at which heat is available from the present ’

- family of HTGR's is such that it can be used in hydrogen production
processes like coal gasification or natural gas reforming. In fact,
there ig a strong incentive for implementing those endothermic proces-
ses with nuclear heat because the difference in price between the fos-
sil fuel calorie and the nuclear calorie is not negligible and tends
to increase. But their thermodynamics is such that only 20-25% of the

energy in the product comes from the nuclear reactor. The impact of
© such applications on the penetration of nuclear energy into the energy
market will then be necessarily smsll. For this reason our research
was oriented towards a process for hydrogen production in which the
only energy input was from a nuclear reactor. In a sense water elec-
trolysis (2, 3) works this way, but the necessary transformations
through various stages of all the primary energy from hea’t to electri-
city and then, via electrolytic cells, to hydrogen, lead to low total
efficiency and high investment cost.

We thought that a more direct use of heat could lead to higher
conversion efficiencies and lower capital cost and we did set our goal
at decomposing water using the nuclear heat for operating some endo-
thermic chemical reactions in a closed cycle, i.e. with nominal con-~ {
sumption of chemicals. . I

THE CHEMICAL CYCLES |

{

Thermodinamically it is not possible to crack water, with a reaso-
nable yield, at temperatures lower than 2500°-3000°C. If we had to run
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a process with only one endothermic reaction ai a lower temperature
we should compensate the lowel entropical level of the heat by a
corregponding amount of useful work. A multistep chemical process
operating at different temperatures behaveg as a thermal ennlne(4),
as a consequence the useful. work requiremen% can be obtained through
extra heat eniering the system at high temperature and given off as
degraded heat at low temperature in accordarnce with the Carmo?t rule.
By a two-step process it is possitle theoretically to split wa-
ter even with a linit of 300°C for the upper temperature, but the
+hermodynamic properties of the chemical substances that could be
used in such a cyecle are very far from the thermodynamic properties
of all ¥nown svbstances and 10170w1ng (4) even at 1000°C very proba-
bly such substances do not exist nor can they be SJnthe51zed.
Three-step processes appear more feasible and ir factv they have
been already proposed (5). They are based on the reaction of chlerine
with steam at bhigh temperature to produce oxygen and hydrochloric
acid; the last-one being dissociated ir%o hydrogen and chlorine by
a reaction at low temperature with a2 low-~valence metal chiloride (me-
tals being Ta, Bi, Hg,‘V) and the subsequent dissociation of the so
formed hlgh—valence chloride at high' temperature.
The reactions for this type of a cycle are :

1) Cl, + H0 ———-> 2HC1 + 1/2 0

[ 2) .2HCY +:,2ﬁ¢‘6§é;a;-q - 2 ke ci

3) 2 Hedly -———> 2 NeCl2 +, clz,i-A,:.”: o , o

.. the: reactiown, 1) and 3) run’ at high teriperature- and reaction 2) gb low

temperature.

~. Some experimental work has been done on,,he most promisirg cycle: thre

one epployihg Vanadium {6). The react ion between chlorine and steam
has been tried to find the reaction  rate as a functior of temperatu-
re; -reagent’s’ Teed. rate and” ratio and reactor!§ surface—to—v01ume The
con01110ns for a prdtlcal application have been found.

- Some- exploratory tests have been done agbout the reaction bpebween
vanadlum dichloride and hydrochloric acid in a static-type apparatus
at atmospheric pressure and at room temperature. In spite of the fa-
vourable reachion thermodynamics essentially no reaction beiween VCl,
and HCl was observed in those conditions.

Another three-step process ig described in U.S. Patent (1970)(7)
in which Cesium metal reacts with water, then. Cesiur hydwroxide is
transformed into Cesium peroxide and finally Cesium peroxide is dis-

. p.Sociated, at, high, temperature. The: reactlohs of .this cycle are :

a1 1000¢
at 500°C
at. 7C0°C
at 1200°C
ro expevlmental work is reported in +pe patent description.
With the available thermodynamic data we calculate for the reaction 2)

quite an unfavourable equlllbrlum constani: Hy,0 partial pressure rea-
ches only about one thousandth ‘of the.oxygen pressure. As a conseaquen-

apaxt from the hlgh upper temperat uIe (abou, 125000),unls process

2 .
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requires guite an amount of separation work.

MARK-1__ CYCLE

A four-step chemical cycle has been found by one of us (G.D.) (9)
and it is briefly described in (8). This cycle, christened MARK-1,
uges compounds of mercury, bromine and calcium. The set of reac-
tion in the cycle is the following :

R . o :
1) Ca Br, + 2H,0 ---139%  ca (OH), + 2HBr water splitting
o
2) Hg + 2 HBr 220, HgBr, + H, hydrogen switch /
3) HeBr, + Ca (OH), --2%%%= CaBr,+ Hgo + H,0 ovveen shift
/
]
4) Hgo _-600° Hg + 1/2 0, oxygen switch

: (o JE— = H, + 1/202

A block diagram of the cycle is shown in fig. 1 where only ma-
terials flow is -indicated.

In block 1) where reaction 1 occurs, calcium bromide and (excess&
steam reacts to hydrobromic acid and calcium hydroxide. The hydro-
bromic acid solution is concentrated in a distillation column and fed
to the step 2 (reaction n. 2). The product is a mixture of mercury
bromides, hydrogen, hydrobromic acid, water and mercury. The gases
are separalted and hydrogen is cleaned from HBr traces by passing it
through a bed of calcium hydroxide. Mercury and mercurous bromide,
which is quite insoluble, are separated from the residual solution.
Their mixture is fed back to step 2); the remaining solution is strlp[
ped to separate most of the hydrobromic acid and fed back into the
distillation column at the proper level; the mercuric bromide solu-
tion is fed into step 3) with water and calcium hydroxide coming from'
step 1). The product of reaction 3 is a solution of calcium bromide
easily separated from the mercuric oxide precipitate. The solution is
concentrated and recycled to step 1). Mercury oxide is fed to step 4)
where is dissociated. The products can be separated by quenching in
an heat exchanger or by expanding them through a turbine. Mercury is
recycled to step 2).

At this point the cycle is completed; the global result is an
input of water and an output of hydrogen and oxygen. In fig. 2 a
-schematlc flow-sheet for the Mark—1 process 1s glven w1th reference

e e am pL L ~a —imt P ) -
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¢) all by-products formed during the reactions can be reinjected at

some points in the cycle, permitting a viritual 100% recuperation
of the chemicals.

There are also some drawbacks :

a) the use of mercury with the related problems of high inventory
cost and the possibility of pollution in case of leakages,

b) the use of highly corrosive chemicals, especially hydrohromic a-
cid, and the consequent problems for construction materials.

" CHEMICAL STUDIES (10)

Very little information on the reactions involved in the Mark-1
cycle was found in the literature. We than started a program of ex-
perimental tests in order to determine equilibria and kinetics.

1) On the hydrolysis reaction there is a paper (11) which describes

a series of experiments in which various salts, like halides, sul-

phates, phosphates and carbonates of alkaline earth were hydroli-
zed. The tests were performed in such a way that they did not al-

low the determination of equilibrium values for the hydrolysis;

however they show that in the halide's family the most hydrolisa-

ble salt is calcium bromide. Our experiments on the hydrolysis

of calcium bromide were done using water vapor at 1 atm. In order
to have a preliminary idea of the equilibrium concentrations,ther-
modynamic calculations were made for the following reactions: ~

Ca Br2 + 2 HZO —— Ca (OH)2 + 2 HBr

Ca Br, + H)0 ---—o- - Ca0 + 2 HBr

Working with steam at 1 atm. we can expect the formation of cal-
cium hydroxide for temperature up to 550°C and the formation of
calcium oxide at higher temperatures. Using for calculations the
data of Brewer (12) and of Bulletin of Bureau of»Migqs (13) the
values for_the equilibrium constant range from 8. 10 at 500°K

to 1.07.1074 at 1000°K; taking more recent data from Kubaschewski
(14) these values are still lower, ranging from 1.2.10 12 at 500°K
to 3.5.10 ¥ at 1000°K.

From our tests we find for the equilibrium constant values ranging
from 2.9.1077 at 573°K to 1.12.10-2 at 1000°K.

In fig. 3 there is a plot of calculated and experimental values
for hydrolysis equilibrium constant at atmospheric pressure. Other
-tests are in progress to determine the equilibrium and the kine-
tics under pressure. A first test with 20 atm. steam led to an e-
quilibrium constant of 1.9.10 2 at T727°C (1000°K). -
The minimum working pressure necessary to have Ca (OH)., as pro-
duct has been determined measuring the decomposition pgessure of
calcium hydroxide up to 800°C (fig. 4).

- 2) Also for the reaction between mercury and hydrobromic acid there

is no valuable information in the literature. We did rum a series
of tests to determine how the reaction rate is influenced by the

volume of hydrobromic acid, the surface of mercury, the tempera-




1k

ture, the concentration of the acid.

Reacting a mercury drop of 550 mg (2.75 milli-atoms) in.a glass
vessel of about 35 ml volume with an excess of concentrate hy-
drobromic acid (48%, 8,9 milli-moles) at 250°C the initial rate
of K, formation is 218 cc (NTP)/h.cme of mercury. The initial
vapo% pressure of the hydrobromic acid has been evaluated t0 be
20 atwm. From the reaction rates at temperatures between 197°C
and 250°C the activation energy for the reaction has been calcu-
lated to be about 15 Kcal/mole. The temperature dependence of
rate constant is shown in fig. 5. Extrapolating the reaction ra-
te at 300°C we cag expect a hydrogen formation rate of about

700 ce (NTP)/h.cm®.

The influence of hydrobromic acid concentration on hydrogen for-
mation rate at 200°C is given in fig. 6. It is quite evident the
strong effect of the hydrobromic acid concentration.

Due to the overpotential for hydrogen evolution over mercury sur-

(

» faces we have tested the effectivness of some metals as depolarisers.

At 200°C the best results have been obtained with addition of iri-
dium black on tungsten powder: hydrogen evolution rate did increa-
se.- by a factor 2,3. At 250°C the effect of the catalyst is less
important. :

- We are doing also some research on a different way to react mercu-

ry and hydrobromic acid. By the new procedure the reaction could
be realized at lower temperatures (100 + 120°C) with an accepta-
ble rate. The lower temperature allows lower grade heat coming
from other steps of the process to be used, and this permits a hi-
gher total efficiency. Analytical problems that did arise in the
determination of the reaction products have been solved and the
anglytical procedure is described by Serrini_(15).

About the reaction of mercury bromide with calcium hydroxide no in-

_ formation isa&ailable in the literature. Preliminary tests have

shown that with calcium hydroxide, a brown colored precipitate is
obtained. After boiling the solution for some minutes this brown
precipitate is transformed in the usual red mercuric oxide. Never-
theless, a certain amount of mercuric bromide is held in solution
by the calcium bromide formed. For this reason we began to study
the influence of temperature, initial concentration of mercuric
bromide -and the excess of calcium hydroxide.

" The dissociation of mercuric oxide is the only step of the Mark-1

cycle for which data are available in the literature.

Dissociation pressures have been measured (16) and are known with
a precision sufficient for our needs. In fig. 7 HgO dissociation
pressure versus temperature is given. Between 450°C and 500°C the
digsociation pregsure varies from 1 to 20 atm, that is in a range
well suitable for pratical applications.

From the literature (17) it is also known that the rate of disso-
ciation can be accelerated by the presence of a proper catalyst.
in the form of finely divided platinum, ferric oxide, etc.

As we need to know also the rate of recombination of oxygen and
mercury vapors in order to define how fast the vapors must be coo-
led to avoid excessive back-reaction we are also studying the
kinetic of Hg0 formation. In a very simple test, conducted by hea-
ting the mercuric oxide to 480°C at room pressure in a glass ap-
paratus without any particular feature to cool the vapors, we did
not observe any recombination. We are now assembling an apparatus

{
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to study the recombination at temperatures up to 550°C and pres-
sures up to 30 atm.

A list of other chemical and physical problems are under scrutiny
e.g. we are measuring the vapor pressure of concentrated calciun bro-
mide solutions, the heat of dehydratation of calcium bromide and the
Pressures and phase composition for the liquid-vapor equilibrium in
the ternary system H,0-HBr-HzBr,.

We are also tesging the regiability of specific ion-electrodes:
for continuous concentration measurements. :

STRUCTURAL ATERTALS

The chemicals circulating in the various steps of the process
are hydrobromic acid (vapors and solution), mercury (salts and vapor),
calcium bromide and calcium hydroxide as solids and in solution, oxy-
gen, hydrogen and water. For most of them compatible materials are
imown. :

Problems arise with hydrobromic acid. For this product little in-
formation is available, and indication of its ability to attack mate-
rial is derived from the behaviour of hydrochlorie acid.

Corrosion conditions can be divided in two groups :

a) hydrobromic acid in solution
b) hydrobromic acid as gas mixed with steam.

Solutions of hydrobromic acid are formed :

a) where the stzam and HBr mixture leaving the hydrolysis step is con-
densed; concentration will be about 33% by weight and at a tempe-
rature around 280°C;

b) in the concentrabtion and stripping columns : temperature from 250°C
dovm to 130°C and concsnirations up to 48% by weigth (azeotropic);

¢) where mercury is reacted, (comcentration 48% by weigth, temperatu-
re 200°C). .

The presence of mercury salts in the solution must be taken in
account. Hydrobromic acid as a gas phase is present, mixed with steam,
at a maximum concentration of 10% in volume (corresponding to a 33%
in weigth) in the hydrolysis step and during the cooling of the mix-
ture; a vapor phase is also present over the acid solution.

Exploratory corrosion tests (for metallic and refractory materi-
als) have again begun in hydrobromic acid solutions (48%). After so-
me screening at the boiling point of the ageotropic mixture (126°C)
medium term tests with the most resisting materials have been done at
200°C and 250°C. The materials eliminated in the preliminary scree-
ning are : Chlorimet-2, Hastelloy B, Durichlor, Titanium, Vanadium,
Nimaric 90, Stainless Steel AISI 304, Wickel, Chromium, Iron. We ha-~
ve retained : Tantalum, Molibdenum, Zirconium-Niobium alloy, Zirca-
loy-2 and Niobium. A1l testshave been done in glass capsules, wih an
external compensating pressure when necessary. The results are summa-

- rigzed in the following tables :
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Test temperature 200°C

- Material . : Depth of attack ing/u
~ L___100 hours__ | _ 500 hours_| 1000 hours
Tantalun nil TTTRIITTTTTTTTTT nil e B
Molibdenumnm -1 <1 ~1
Zr-2,5% Nb alloy <1 <1 -1
Zircaloy 2 <1 -1 ~1
Niobiun 100 ——— ——

Test temperature 250°C

Material Depth of attack in Vs

100 hours j 500 hours | 1000 hours | 1500 hours

TS tnudpuispadfand SYURS-Ppiheigiuiiiprien i REPPR Pulphuap g intuttu fus

Tantalum nil | <1 <1 <1
Molibdenun =1 A~ 2 ~ 5 ~ 6
Zr 2,5% Nb alloy ~3 ~ 3 ~ 4 ~ 1
Zircaloy 2 ~3 ~ 9 .~ 12 ~ 14

COUPLING WITH THE HTGR

The cycle Mark-1 draws heat at different temperatures, the maxi-
mum temperature being 730°C. These quantities can be plotted in a
diagram, with the temperature in °C as ordinate, and the guantity of
heat (Kcal/mole Hy) as abscissa.

We can draw in thé same diagram a similar plot for the heat carrier,
and the distance between these lines will represents the ‘A T in the
heat exchangers. The amounts of heat represented by these lines are
indexed according to the flow-sheet of flg. 2 and to the detailed
portion of it as in fig. 8. We can see in fig. 9 how the heat quanti-
ties Q Q11 » y Q34 and Q3 fit in the diagram. The heating
fluid 1s representeg w1ta dotted ilnes. The figures refer to the pro-
-duction of 1 mole of Ho».

With the initial temperature of the fluid at 850°C and a mini-
mun AT of 40°C we obtain the line a), with a mass-flow corresponding
-to a heat capacity of 540 cal/deg.C.

If we put in parallel, as it is shown in figures 2 and 9, the
heat exchangers 11 and 12 we obtain line b). It is seen how the spllt—
ting ofthe}maj carrier in two streams in the high temperature region
permlts a lower final temperature for the heat carrier. This is also
the temperature of re—entry intc the reactor, which is fairly criti-

/

/

cal due to the material problems it involves for the base of the reac—

tor core.

Another possibility is that of bleeding part of the heat car-
rier and diverting it to make electricity. %flg 9, line c¢). In both
cases we have the possibility of producing mechanlcal or electrical

.energy for operating the auxiliaries of the plant and of the reactor.
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_ A fixed critical point is the témperature'of the hydrolysis re-
action, taken as 730°C; lowering this temperature corresponds to an

" unacceptably low concentration of the hydrobromic acid produced in

the reactioa. On the contrary, the temperature levels of the heat
blocks Q40 , Q34 » Q 2 » can be gsnifted by a certain amount with re-
spect to the vaiues %1ven above; the conseguence of these shifts
will be the variation of the pressure in some chemical steps.

- These modifications may be useful for a better matching, bet-
ween the heating fluid line and the Q lines, with a final lower mass-
flow rate. Por instance if we could raise the temperature of the reac-
tor coolant to 900°C we could envisage a countercurrent series arran-
gement for the hydrolysis reaction, as it appears in fig.10 , and

- a lowering of 50°C, from 600°C to 550°C, of the heat block Q,5 per-

mits the coupling indicated in fig. 11. It is evident that the slope
of the dotted line is quite higher : the mass-flow is now reduced to
230 cal/deg. C and the final coolant temperature is as low as 290°C,
even without bleeding.

Our heat carrier can be the primary coolant of the nuclear reac-
tor, e.g. helium. But in order to reduce the possibility of contami-
nation we thougth it would be beitter to transfer the heat from the
primary coolant of the reactor to an intermediate heat carrier (he-
lium or better steam) by a heat exchanger installed in the reactor
vessel. The long term objective is the use of steam both as an ener-
gy carrier and as a chemical, eliminating all the intermediate heat
exchangers. :

A very interesting point is that most of the heat produced by
the nuclear reactor is correctly utilized in the chemical plant, so
that the system is inherently a single-purpose one. .

The plant rejects the degraded heat (around 50% of the input)
in the form of saturated steam at 120-130°C. Expanding this steam

" through a turbine and condensing it permits the production of a sei-

zable amount of electricity to be used in the plant, expecially to
run the blowers of the reactor. It might eventually be used for a de-
galination : :plant or for a heavy water plant.

ECONOMIC CONSIDERATIONS

A precise economic evaluation of the cost of the hydrogen pro-
duced by the Mark-1 process is not possible with the informations
available now on the yields and on kinetics of the various reactions
or the kind of materials necessary for the apparatus.

Nevertheless it is possible to fix the frame in which the pro-
cess has to fit to be competitive.

E.g. we can calculate the "room for investment”, that is the ma-

ximum amount of capital that can be invested in the hypothesis of a

hydrogen price competitive with the hydrogen produces today by steam-
reforming of natural gas. To find this we parametrise a certain num-
ber of technological data :

a) the cosi of nuclear calorie

The cost of the nuclear heat produced by an HTGR of about 3,000
Mwth is usually indicated to be in the order at 1 mil/Mcal (18).
We'll take a range between 0.75 to 1.25 mils/Mcal.

b) the thermal efficiency of the chemical process
This efficiency can be defined as the ratio between Hp combustion
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heat and the primary heat necessary to produce it.

Such definition is somehow equivocal because the heat of combusg-
tion can be assumed to include or not the condensation of the wa-
ter produced, and because waste heat is released from the process
'as steam at temperatures still interesting for the production of
electricity.” :

E.g. with the heat rejected from blocks 14, 22 and 23 (fig.2)
by a plant equipped with the 3,000 Mwth reactor, it would be pos-
sible to operate low-pressure steam turbines for 100 + 150 Mwe.
The fraction of this electricity not used inside the plant should
be properly discounted from the primary heat budget.

With the heat gource at 750°C, the heat sink at 25°C, and ope-
rating the water decomposition process in a reversible way, with 1
materials (water, hydrogen and oxygen) entering and leaving the
process at 25°C and 1 atm, the thermodynamical efficiency is .

A 0.85 Funk (4). The temperature of 25°C means that water is li-
uid, ‘i.e. that the higher value for the combustion heat of Hy
?3,000 Kcal/Nm3) is taken. For our efficiency evaluations we u-

sually assume the lower combustion heat (2,500 Kcal/Nm3), and we 1

find actual efficiencies in the order of 0.4 - 0.6. This is the
range chosen for this parameter. Electricity production is neglec-
ted.

¢) the oxygen credit

The european mean. price for oxygen is around § 6/ton; for our cal-
culations a maximum credit of $ 4/ton is taken, corresponding to

2.9 mils/Nm'-‘}{Z.

d) heavy water credit.

By contacting the incoming water with the outgoing hydrogen in an
igotopic exchange column, Deuterium can be trapped in the Hp plant,
" e.g. at a factor of ten enrichment, and bled to a finishing plant.
With current grices for Dy0 we have evaluated a net D 0O credit of
7; 3 mils/Wm3Hy (Market value of the Dy0 produced is around 7 mils;
Nm H2. )

Credits (c) and (d) can be very important in establishing the proJ
fitability of the first plants. The learning curve for the process
should later take care of the diminishing value that can be allocated
to these by-products, once the market will be gwamped.

Fig. 12 gives the roog for investment as a function of these pa-
rameters taking 12 mils/Nm’ as the reference price for the hydrogen.
E.g. with the nuclear calorie at 1 mil/Mcal; a thermal efficiency of
0.5 and an oxygen credit of $ 4/ton we have 9.9 nils/Nm>H, available /
for fixed costs. In conventional steam reforming plant fixed costs
are around 4 mils/Nm-H,.

) The sensivity of %he hydrogen price in relation to these parame-
ters 1is indicatgd in fig. 13, where the reference point assumes: fixed :
costs 6 mils/Nm”, thermal efficiency 0.5, cost of the nuclear heat
1 mil/Mcal and oxygen credit § 2/ton.

As the cost of our hydrogen is almgst purely technological(ura-
nium cogt enters for less than 1 mil/im H2 and can be less than 0.1 i
mils/Nm Ho in the case of breeders), ther& is no rock-bottom cost, J
and the cost will decrease exponentially as a function of the inte-
grated amount produced, according to a general rule valid for all the
mass produced chemicals (19). This means that if we can achieve compe-—
tivity in the chemical hydrogen market, it is only a question of ti-

me to become competive in the energy market. This because the

'
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‘cost of minerals in general and fuels in particular tends to slowly

rise with time.
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FIG.3 Hydrolysis equilibrium constants as a
function of temperature
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PROSPECTS FOR HYDROGEN FUELED VEHICLES

Oklahoma State University

Roger J. Schoeppel : i
Stillwater, Oklahoma J
!
|

Modern civilization is generally said to be a consequence of the industrial
revolution; a striking outward manifestation of which is the automotive vehicle. J
Whereas the transition from animal to mechanical means of propulsion was accom-
panied by an increased mobility, this transition has not occurred without some
accompanying undesirable side effects. One of these, environmental pollution, is
now globally recognized and presents a real challenge for its solution. Another, an
impending energy crisis, is due to the insatiable appetite for energy brought about |
by an expanding population and a rising affluence. The two are correlative since |
pollution is largely attributed to an apathy for the consequences of large-scale con- |
sumption of certain forms of energy. k

Some recent developments in internal combustion engine technology may have
provided not only a viable solution to the environmental-energy dilemma but also a
convenient mechanism for transforming to a less poliuting society. The development /-
involves a novel method of designing internal combustion engines so they can smoothly
and efficiently operate on hydrogen. The purpose of this paper is to review the oppor- ,
tunity offered by this capability and to forecast its probably future influence. The
discussion will primarily be concerned with the use of hydrogen in ground vehicles
although it is obvious hydrogen can be substituted for any other fuel now in use. /

Prior Work

. Early attempts to use hydrogen as a fuel in internal combustion engines were
reported by Cecil in 18201 and by Barsanta and Matteucci in 1854. 2 However, the
first significant contribution to the field waited until 1933 when Erren designed and
built several engines which could operate on either hydrogen, conventional fuel, or
their mixture. 1, 3 His major problem and one that he was unable to overcome was
detonation of the hydrogen-air mixture upon ignition,

After World War II, King and associates at the University of Toronto performed
an extensive study using hydrogen as an engine fuel. They found, as did Erren, that
detonation was a formidable problem which could only be overcome by painstaking
cleaning of the combustion chamber at least every 12 hours of operation. Apparently,
these discouraging results had reduced interest in developing a carbureted air-
breathing hydrogen fueled reciprocating engine.

An effort was initiated at Oklahoma State University in 1968 to try to design /
around the problems of pre-ignition and detonation which had troubled earlier workers.
The design approach selected was direct cylinder injection of gaseous hydrogen in a ;|

. manner similar to fuel injection in a diesel engine.® This effort has resulted in the "
satisfactory conversion to hydrogen of four different engines originally designed to
run on gasoline. Experience with these engines including extensive performance and’
emissions tests with one of them has yielded the following information: 7-10

)}
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1.  With reference to a gasoline engine converted to run on hydrogen, it is
possible to ''drive' a hydrogen engine to a higher horsepower output than
was possible with gasoline fuel before its conversion.

2.  The only undesirable emissions of significant concentration from a hydro-
gen engine are oxides of nitrogen (NOX). These were found to vary with
operating conditions but averaged about 2. 0 grams NOX per brake horse-
power-hour. This rate of NOX production is about ten times less than

from its gasoline counterpart.

3. The hydrogen engine can operate smoothly with compression, glow or spark
ignition. With spark ignition, it can be idled down to about one-half the
:ninimum idle speed possible with gasoline fuel.

4. The hydrogen engine is easy to start, responds rapidly to different rates
of fuel injection, and runs cooler under low to intermediate loads than its

gasoline equivalent,

From the foregoing, it is concluded that an automobile properly designed to run
on hydrogen should be able to meet the 1975/76 federal emission standards.

Basis for Forecast

This section attempts to assess some techno-economic factors and political cir.
cumstances which may influence the future pattern of automotive vehicle development.
Also included in the assessment are environmental and energy resource management
considerations. This is the basis for the technological forecast which is made in
partial response to the challenge presented by the 1969 U.S. Senate report:~~ The
Search for a Low Emission Vehicle. '

Environmental Constraints

There are many instances of pollution associated with normal and accidental
activities of drilling, producing, transporting, refining, distributing, and consuming
conventional hydrocarbon fuels. Collectively these contribute considerably to environ-
mental decay. Industry can and will clean itself up but must be permitted to pass such
costs on to the consumer. An alternate approach is to use hydrogen fuel produced by
electrolysis of water. Although such a solution would require a long-term effort, it
would appear to cause less pollution overall, Of immediate significance to this alter-
native are the motor vehicle emissions standards prescribed by the Clean Air Act as
‘amended. These require that automobiles achieve a 90 percent reduction from 1970
emissions levels of carbon monoxide and hydrocarbons by the 1975 model year and a
90 percent reduction from 1971 emissions of nitrogen oxides for the 1976 model year.
Prescribed standards for new light-duty motor vehicles for 1973 and successive years

are as follows:12
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Federal Standards for Composite Emissions from Light-Duty
Vehicles on a Driving Cycle, grams/mile

Model Year Hydrocarbons Carbon monoxide Oxides of Nitrogen
1973 3.4 (3.0) 39.0 (28.0) 3.0 (3.1)°
b % &
1974 3.4 (3.0) 39.0 (28.0) 3.0 (3. 1)
1975 0.41 ) 3.4 3.0
1976 and later 0. 41 - 3.4 0.4

*Numbers in parenthesis represent standards being considered
for adoption

It is significant to note that by 1976, any vehicle covered by these specifications
will be permitted to emit 0.41 grams of hydrocarbons, 3.4 grams of carbon monoxide,
and 0.4 grams of nitrogen oxides per mile of a typical 7.5 mile driving cycle. Thus,
whether one additional person is carried in a 2-passenger vehicle, or many in a 9-
passenger one, each vehicle will only be permitted to emit so much pollution to the
atmosphere. Also, since large engines emit more pollutants than do smaller ones,
and unless some other provisions are made, the enforcement of these regulations will
cause the diszppearance of vehicles with large engines. Associated automobile com-
forts of space, air conditioning, power equipment, safety, acceleration and speed may
also have to be sacrificed. In contrast, these changes may not be necessary with hydro-
gen fuel.

It also appears as if the automobile industry may be unable to meet the required
1976 federal emissions standards at a cost that can reasonably be passed on to the con-
sumer unless;

a) the allowable pollution level is relaxed for one or more of the controlled
emittants or

b) a federal subsidy or equivalent is enacted to support a portion of the costs.

In this connection, it appears worth mentioning that sufficient technology now
exists to enable the design of a reliable engine that could meet the 1976 emissions stan-
dards. The technology does not exist, however, to be able to accomplish this objective
at a reasonable cost. Hence, the problem is purely one of relative economics. In
this regard it will be interesting to learn of the recommendations to the EPA of the
Motor Vehicle Emissions Committee of the National Academy of Sciences who have
recently been charged with determining whether the automobile industry is technologi-
cally capable of designing and mass-producifl§ a reliable engine that can meet the
federal motor vehicle emissions standards. C

Energy Management

The dilemma between environmental pollution and an abundance of low-cost energy
is one that will have to be resolved by the public-.provided it is offered the alternative.
Unfortunately, however, this antithesis can not be resolved until an abundance of energy,
or at least an abundance in the form that is desired, becomes available., Since energy
is the key to survival of our society, its adequacy must be insured before stringent
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pollution regulations can be enforced. Accordingly, a permanent solution to the air-
pollution-from-vehicles-problem can only be solved from a total energy management
point of view, One such proposal is to create a Total Energy Management System
(TEMS) in which hydrogen becomes the basic energy fuel. 14 The system proposed pro-
vides for the optimum management of our energy resources so as to place a minimum
strain on the delicate ecological balance of the environment. This concept was expand-
ed by proposing a Total World Energy Management System (TWEMS) with its primary
function being to optimize energy utilization worldwide while simultaneously attempt-
ing to minimize pollution, 15 The creation of national and international "Energy
Institutes' with similar such objectives is currentlyll%ejng congsidered at the United
Nations sponsored Human Environment Conference.

Substitutabilitz

Hydrogen is substitutable with any other mineral fuel currently available. Its
use has already been demonstrated in reciprocating internal combustion engines and
turbines. Adaptation to external combustion engines is even simpler. For energy con-
version via fuel cells the technology in this area is further advanced for hydrogen than
any other fuel, Its importance in air travel is shown by a companion paper at this con-
ference proposing to use liquid hydrogen in hypersonic transport. 17 Finally, the roles
hydrogen could play in substituting for gasoline nationwide, or improving an urban
environment, 19 have been assessed. Inthe urban environmental study, it was shown
for New York City, that a) hydrogen produced with off-peak power could supply over
half of the expected 1985 energy needs for transportation, 'b) its cost could be as low
as $0. 04 per pound making it quite competitive with conventional fuels, and c) that 5, 331
million pounds of pollutants would be emitted from gasoline powered 1985 vehicles as
compared to 216 million pounds of emissions from those same vehicles if they were
fueled with hydrogen.

Hydrogen possesses some unique physical and chemical properties which offer
an advantage over conventional fuels and thus influences its substitutability. In the first
place, its wide flammability limits make it an ideal motor fuel. (This was demon-
strated under a no-load condition with our hydrogen engine, for example, where it was
extremely difficult to get either too rich or too lean of a fuel mixture for the engine to
burn. This feature could be used advantageously in the transition from fossil to hydro-
gen fuel if the latter is used to promote hydrocarbon fuel oxidation in the lean com-
bustion region where the production of nitrogen oxides is least favored.)} Next, its
extreme volatility coupled with its flammability would make for much easier starting
in cool climates. Thirdly, its ability to chemisorb with certain metals to form hydrides
enables it to be conveniently stored at ambient pressure and temperature. Since the
‘reaction is reversible, it can be released from this inactive state merely by the addi-
tion of heat. Much of the heat released by internal combustion engines could be stored
if it were used thusly to release hydrogen. This energy could then be regained during
the recharging of the hydride if desired. ‘

Other characteristics of hydrogen which influence its substitutability are:
1) its light weight and high energy density which gives it desirable storage features of
particular value in aircraft and space vehicles, 2) its high fl_ame speed enabling the
design against flame-out and hardware for control of the high frequency flame jets
used in the engine design reported herein, 3) a low flame incandescence which signi-
ficantly reduces radiation (accordingly affecting the overall engine temperature),
4) its clean burning offering an opportunity for prolonged operation without oil change
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or the design of true muffler systems rather than also transporting the emissions to
a location where their toxicity is unimportant (the number of deaths resulting from
accidental carbon monixide poisioning each year is considerable), and finally 5) its
low activation energy which offers an opportunity for engine designs using glow
ignition instead of costly and troublesome spark ignition.

Three additional time dependent factors which influence hydrogen's substituta-
bility are its short and long-term availability, its relative safeness, and its cost.
Currently, production facilities are limited with supplies primarily coming from
hydrocarbons and being consumed in ore.reduction processes, chemical synthesis, and
space exploration. Since hydrogen is essential in producing synthetic oil and gas from
coal or oil shale, first priority for its increased production should be allocated to
expanding our energy base. Furthermore, since the electrical generating facilities of
the nation are hard-pressed to meet current demand, it does not appear that there will
be any significant opportunity in the immediate future for the development of an excess
hydrogen supply. The circumstances involved have been summarized by McKelvey
and Singer:

“In the longer term, our biggest problem will be energy and the only !

hope for the continuation of civilization lies in the development of nuclear {
breeders and fusion to maintain an inexhaustible energy supply. Many

economists and bureaucrats fail to understand that major scientific develop- /
ments do not come about automatically in response to price increases. f

Unless the necessary research and development is done early enough we
may be in real trouble, "

Insofar as safety is concerned, liquid hydrogen has been compared on a relative
basis as being as safe as methane and gasoline. 217 14 this comparison, the negative J
aspects of hydrogen's wide flammable limits, low ignition energy and tendency to "
detonate in air when confined were thought to be balanced by its positive factors of
low heat radiation, lack of smoke to cause asphyxiation, non-toxic vapors, unlikely ‘
detonation if spilled and rapid evaporation. It would appear that hydrogen stored in
the solid (hydride) form at ambient conditions, instead of as a liquid, should be even
less hazardous to work with, and correspondingly easier to design safe handling systems ‘
than for gasoline.’

The relative cost of hydrogen versus gasoline favors hydrogen provided it is
made on a large scale as is now done with gasoline. Three separate economic studies /
which support this contention are contained in references 22, 23, and 24, The econo-
mic incentives for conversion to hydrogen can be expected to continue to improve as
the cost of gasoline increases which it must do if the price for crude o0il is allowed to
swing with the supply-demand situation. An imbalance of foreign trade brought about
in part by this nation's oil import program will probably continue to build up economic
deficits which further increases both the short and long-term economic outlook for '
hydrogen. /

Hydrogen Vehicle Forecast

One black sheep which could easily be the technological-environmental scape
goat is hydrogen. This relatively unappreciated element is foreseen to play the domi-
nant role in a "hydrogen economy'' era sometime in the future. Toward this aim
Weinberg25 in 1959 proposed that nuclear energy be used as the fuel of the future to
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power small scale mobile units with electrolytic hydrogen, Several years later,
Lessing26 claimed that hydrogen will be the master fuel of a new age providing first

an energy source for engine (fuel cell) operation and subsequently electrical power
directly from the atom via the process of controlled fusion. Hammond, 27 in discussing
the concept of a nuclear reactor centered Agro-Industrial complex, assumed hydrogen
would play an important role in producing ammonia and for reducing metal ores.

Later Weinberg and Hammond? presented a very positive outlook for the prospects of
cheap hydrogen,

Hydrogen's bid as a future fuel is clearly evident in the transportation sector
where the demands for mobile power are flexibility and intermittent use. In the
futuristic '"electric economy, '' the energy used in any mobile power unit must have
previously existed at some previous time in the form of electricity. With this in mind,
an expansion of the definition of "electric auto' is proposed to include vehicles powered
by batteries; fuel cells, and hydrogen fueled internal combustion engines, and turbines ]
provided the fuel is or has been in the form of electricity at one time or another. Accord-
ing to this definition, a new breed of electric autos is visualized as including vehicles
powered by hydrogen fueled internal combustion engines which require very little if
any change in serviceability or mode of operation over their gasoline counterparts.

During the transition to hydrogen many modifications of present internal com-
bustion engines will be made so that both fuels can be burned simultaneously. Also
engines will be designed and built exclusively for hydrogen operation. The hydrogen
fueled internal combustion engine is expected to power the first electric autos which
receive wide acceptance because of the high degree of perfection of modern engines
and their relatively low cost. Second and third generation electric autos will use
electric motors along with a power supply. These may be either storage batteries
or fuel cells.

Comparison of fuel cells and storage batteries immediately brings out a basic
difference in their nature. Storage batteries are strictly limited in their energy
storage capacity by the initial amount of reactants. For a given battery size only a
predetermined amount of energy may be stored. A fuel cell on the other hand can con-
vert an unlimited amount of energy, the cell of course being subject to wear out. It is
known that the reliability of storage batteries and of fuel cells is roughly equivalent,

Electric autos using storage batteries will be used extensively. However, due
to their weight and charge limitations, they will be used only in a specialized area--
urban (short-range) transportation. This type of vehicle is therefore thought of as a
second generation electric auto. Such a system would have a self-contained recharger
‘relying only on a source of current, and could provide convenient, economical short-

range transportation.

Ultimately a hydrogen-oxygen or hydrogen-air fuel cell will provide the motive
power for the transportation sector,

Benefits in Conversion to Hydrogen Vehicles
More so than any other, this nation has fostered the'dévelopment of a society

whose per capita energy consumption can only be matched by the level of affluence
offered to its citizens. Although no other society has known such opulence, the experi-
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experiment has reached such proportions of acceptance that secondary effects such
as environmental degradation are now of primary concern,

Rather than accepting prescribed levels of pollution as a corollary to the free
enterprise system, it would appear our nation has a unique opportunity to lead in the
molding of a society which maximizes the ratio of per capita energy consumption to
per capita pollution. That is, if the level of affluence of a society (or its ability to
use natural resources) can be measured by its per capita energy consumption, and
its rate of misuse of natural resources by its per capita pollution, then it would seem
desirable to its citizens to try to maximize the former while minimizing the latter.

If such a direction could be accepted as a national goal, then it becomes clear in which
areas legislation is needed and what the National Energy Policy currently under formu- ‘
lation, for example, should prescribe. If this nation does not enjoin leadership in
preserving the environment or if it waits while the level of energy consumption rises
in the rest of the world, then the secondary effects of pollution could become the pri-
mary concern of all humanity.

It is believed that acceptance of the concept of hydrogen fueled vehicles is one step
toward avoiding such an eventuality. Once accepted, it could provide the stimulus for 1
economic growth and national prosperity.

Problems Expected in Transition to Hydrogen Vehicles )

The problems which must be solved before hydrogen fueled vehicles can be
universally accepted are seen to be: a) the design and construction of adequate hydro- /
gen production, handling, and distribution systems, b) the development of hardware '
necessary to efficiently store and utilize hydrogen as a fuel in vehicles, and c) over-
coming the generally held but undeserved public attitude that hydrogen is too hazardous /
to. use as a motor fuel. Sufficient work has already been done to demonstrate that
viable solutions to these problems are already at hand. ’

Discussion

Some pertinent comparisons of a relatively conventional pollution-free hydrogen 1
fueled vehicle with some unconventional power sources receiving prominent attention
as presented by Danis?? are:

l. ""The hydrogen-oxygen fuel cell - fuel is the same and so /
is its source.

2. ''The electric vehicle - in the hydrogen engine, the ’
ultimate source of energy is the same as for charging
batteries, but water is electrolyzed instead of
battery chemicals being regenerated.

3. "The working fluid is steam plus air - so we would have, in
effect, an internal combustion steam engine operating on the Otto )
cycle rather than an external combustion Rankine engine,

4. 'Inthe global perspective, petroleum resources would shrink in !
importance, while nuclear energy resources would increase propor-
tionately to meet needs of electricity for hydrogen production.
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5. '"Emissions are steam only, plus traces of nitric oxide formed
- perhaps during periods of peak power demand. This steam could
form nimbus or cumulus clouds, return as rain where it could be
electrolytically dissociated again.

6. ‘'Catalysts are not required, '

The fact that hydrogen will promote gasoline oxidation thus enabling combustion
without misfire up to 20:1 air-fuel ratios could be utilized in the long term phasing

out of gasoline and phasing in of hydrogen.

Conclusions

The conversion of vehicles from conventional fuels to hydrogen is forecast to
fulfill a more viable long-range solution to the air pollution problem than any hereto-
fore proposed. The prospects for development of a total energy system which pro-
duces hydrogen from an abundant natural resource, water, and replenishes this
supply upon combustion in. an engine whose emissions are almost pollution-free,

appears to be a worthwhile effort to pursue.
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HYDROGEN FUELED HYPERSONIC TRANSPORTS
R. D. Witcofski

NASA Langley Research Center
Hampton, Virginia

INTRODUCTION

Aeronautical vehicle development beyond M = 3 has been restricted in large
measure by limitations in the state of technology of high-temperature, high-strength
materials; for example, application of turbojet propulsion is restricted to M < 3.5
by turbine-blade temperature limits and uncooled airframes begin to require super-
alloy metals at Mach numbers somewhat higher than this. Whereas, steady progress has
been made in research on high-temperature materials for advanced high-speed aircraft,
the mos~ stimulating finding for the prospects of hypersonic cruise aircraft has
come out of recent systems studies closely tied to continuing research in all of the
disciplinary areas of aerodynamics, propulsion, and structures. This finding is the
clear indication of feasibility of hypersonic cruise vehicles actively cooled over
most of the airframe surface by the residual heat sink of the liquid hydrogen fuel.
It is toward such projected aircraft that the present paper is primarily pointed.
Results of these recent NASA studies, made in-house and under contract, will be
freely drawn upon and referenced. It is significant to the future prospects for a
hypersonic transport (HST) that 1t may avoid or overcome some of the environmental
problems so critical to the decislon to halt development of the U.S. SST.

One potential traffic market for the HST 1s indicated in Figure 1 which shows a
projection of the international passenger traffic between major world areas for the
year 1990 and the ranges associated with this traffic. A number of such projections
have been made (refs. 1 through 3) and although there is some disagreement as to the
absolute magnitude of the passenger traffic, the distribution by range of these pro-
‘jections is generally in good agreement. The dashed bars in Figure 1 indicate
possible future exchange of travelers with the Communist countries. Two major points
are made from this figure: (1) the high rate of travel predicted for the year 1990
which, from a standpoint of air traffic congestion, implies the need for aircraft
with large passenger capacities (high payload), and (2) the indication that about
90 percent of this traffic will require aircraft with range capabilities between
3000 and 6000 n. mi.

From a standpoint of convenience and comfort, it is of interest to consider the
duration of the flights associated with these long ranges. Figure 2 shows a compari-
son of the trip times (wheels rolling to wheels stopped) associated with aircraft
having cruise speeds ranging from subsonic (M = 0.85), supersonic (M = 3) to hyper-
sonic (M = 8), for representative international flights. The sizable time savings
available through hypersonic flight are obvious, particularly for the longer ranges.

Other factors which will influence the nature of future transport aircraft stem,
for example, from the growing concern over atmospheric pollution, a fact which the
aeronautical engineer must accept in designing environmental acceptability into his
product. The speed, range, and environmental advantages of the HST will probably
demand a premium fare; at the same time, it must fit the alrway and alrport systems
and cannot price itself out of the market, hence must have DOC's, airframe life, and
so forth, not too much different from the jumbo jets.

A distinguishing feature of the HST willl be the use of‘liqpid hydrogen fuel

(LHy), which has 2-3/h times the energy per pound of conventional JP fuel (ref. 4).
(See Fig. 3.) The higher energy per pound of LH, more than compensates for

L-8199



146

the secondary effect of a reduction in aerodynamic efficiency ascribable to housing
the low density fuel. The large heat-sink capacity of liquid hydrogen -~ 10 percent of
the combustion energy — allows active cooling of the airframe (as well as the scramjet
engine), offering the possibility of using conventional aluminum structures and
attaining airframe lifetimes comparable to the jumbo jets.

The general appearance of one concept of an HST as 1llustrated in Figure b is
noteworthy 1n its similarity to the current SST concepts, a fact not too surprising
since, for the active-cooling approach, materials are similar and passenger windows
appear feasible. Because of the low density of LH,, the aircraft will have a large
body volume which will result in a structural weight fraction higher than that for
JP~fueled aircraft and a nominal increase in the aerodynamic drag of the alrplane.
It is likely that such an aircraft will be streamlined through blending of the wing
and' fuselage to get an optimum compromise between containment of the low density
fuel and aerodynamic efficiency.

HYPERSONIC TRANSPORT PROPULSION

A primary feature of the HST will be its air-breathing, regeneratively cooled,
hydrogen-fueled scramjet engines. The superior performance potential of the hydrogen
burning ramjet is clearly seen in Figure 5 in terms of the propulsive efficiency factor,
specific impulse (pounds of thrust per pound per second of fuel or propellant burned),
as a function of Mach number. For hydrogen-oxygen rockets, values of specific
impulse are 1l'mited to something less than 500 since rockets must carry their own
oxidizer, but these values are, of course, available in alrless space. The large
increases for airbreathers over rockets is evident for both kerosene and hydrogen-
fueled systems to about M = 10. Por both kerosene-fueled and hydrogen-fueled air-
breathing turbojets, ramjets, and supersonic-combustion-ramjets (scramjets) the
downward trends with Mach number are similar with the very large advantage for
hydrogen burners reflecting the higher energy per pound of hydrogen. Turbojets can
be used for take-off (where ramjets are inoperable) and acceleration to M = 3.5. °
As a Mach number about this value 1s approached, the stagnation or ram temperature
is increasing to such a value that diminishingly less fuel can be added before
exceeding the permissible turbine-blade temperature, thus the thrust is dropping

" rapidly. In the range of Mach number, the ramjet (éubsonic combustion), which
has no compressor or turbine and uses only theram pressure of flight, comes
into its own. Its effectiveness survives to about M =7 at which point several
factors point to the use of scramjets (supersonic combustion). By ramjet we
have meant subsonic combustion; in fact,- combustion is at as low a velocity as
possible to minimize the entropy increase in the combustion process. For the sub-
sonic combustion ramjet, as Mach number increases, both pressure and temperature in
the combustion chamber increase, leading to high structural weight for pressure con-
talnment, high heat transfer, and large cooling requirements. Most significant,
however, 1s the fact that the high temperatures also introduce significant dissocia-
tion of the combustion products. Most of this dissociation energy (which would
otherwise be avallable for thrust) is lost due to lack of recombination before
expansion to amblent conditions. All of these factors point to the use of super-
sonlc combustion which lowers the pressure and temperature in the combustion chamber
at some increase in entropy gain in the combustion process at higher velocities.
The net effect 1s overall galn for the scramjet mode at M = 7.0. The scramjet can
continue to provide thrust greater than drag for conceptual vehicles flying at Mach
numbers in excess of 12.0.

Propulsion Technology

The use of LHp in turbojet engines is by no means virgin territory. In 1957,
NASA's Lewls Research Center successfully operated a J65 turbojet engine using

N
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hydrogen as a fuel (ref. 5). A liguid hydrogen fuel tank and a ram-air heat exchanger
were mounted on the left wing of a B-57 airplane and a high-pressure helium tank was
mounted on the right wing (Fig. 6). The heat exchanger was used to gaslfy the
hydrogen before entering the engine, and the helium was used for pressurizing the
LH2 fuel tank and purging the fuel system. Take-off and climb to 49,000 feet
altitude and a speed of around M = 0.72 were accomplished by operating both engines
on conventional JP-4 fuel. One engine was then operated on a mixture of hydrogen
and JP-4% and then on hydrogen alone for approximately 20 minutes. Several flights
were made without incident. Although specific fuel consumption during the flight
tests was not reported, tests in ground facilities simulating flight conditions indi-
cated that the specific fuel consumption of JP-4 fuel was 2.73 times that of
hydrogen, thus realizing the gains expected from hydrogen fuel.

Peturning to ramjets, extensive research over about the past 10 years has
produced an advanced level of technology for applications up to about M = 5. Ramjet
flight articles, primarily missiles, produced in this country and abroad, have been
restricted to hydrocarbon fuels. Although limited to ground-based facilities,
hydrogen-fueled ramjet engines have received considerable research effort. Both
subsonic and supersonic combustion ramjet engines have been successfully demonstrated
and, in most cases, the high-performance levels anticipated were achieved. A brief
resume of this work is presented in reference 6. One example of the work being done
in this field is the NASA Langley Hypersonic Research Engine (HRE) Project. Initially,
the objectives of this project were to develop a hydrogen-burning ramjet engine for
operation between Mach numbers of 3 and 8 with dual mode subsonic and supersonic
combustion capability and to conduct ground-based and flight experiments which would
prove design and fabrication techniques and provide needed engine research data.
After the flight tests, which were to have been carried out using the X-15 research
ailrplane as a test bed, were canceled due to the termination of the X-15 program,
an expanded ground-test program was formulated and is still in progress. A simplified
cross section of the HRE that evolved is shown in Figure 7. The HRE is an axisym-
metric, variable geometry engine (18 inches in diameter and 84 inches long) with a
translating center spike to give needed variable geometry for operation over the
Mach number range; for example, the translating center body positions the shockwave
from the spike on the cowl lip from Mach 6 to Mach 8, minimizing flow spillage.

From the sketch, one can see that as Mach number is increased the fuel injection and
combustion move forward in the engine. A so-called structural assembly model (sAM)
of the HRE, which is a realistic flight weight engine (although for ground tests)
incorporating subsystems, controls, and relatively sharp hydrogen-fuel-cooled leading
edges for both inlet cowl and the internal struts, has been tested in the Langley
8-foot high-temperature structures tunnel (Fig. 8). This series of tests provided

a so0lid demonstration that a flight-weight, regeneratively cooled ramjet englne could
operate in the M = 7 environment. Although these tests were carried out with full
flight temperature, the test stream of hydrocarbon-air combustion products did not
contaln enough oxygen to permit combustion tests. The final phase of the HRE project
will thus include tests of a "boiler plate," water-cooled, hydrogen-burning model

in a new facility at our Lewls Research Center wherein true temperature air up to
M= 7.0 is provided, and combustion experiments can be made over a Mach number

"range from 5 to T.

Under the stimulus provided by the HRE project, a number of long-range basic
scram)et problems have been brought into focus for which new research has been
organized. The research programs reflect the fact that efficient hypersonic cruise
vehicles should capitalize on the very strong interaction among the structural,
propulsive, and aerodynamic features of vehicle design. One major research objective
is, for example, to develop scramjet engine concepts that minimize fuel-cooling
requirements so that a maximum of the residusl hydrogen-fuel heat sink is available
for alrframe cooling. Features of such engines that will reduce the internal heat
load are readily ldentified as follows: supersonic combustion, nonannular ducts
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having low ratio of wetted area to flow area, short combustor length (efficient fuel
injectors), short cowl lengths, large combustor area ratios, reduced pressures and
reduced fuel injection near the duct walls, insulation, film cooling, and the use
of the aircraft body for major parts of the inlet and nozzle functions. Using all
of these features except insulation, we have designed and analyzed the scramjet
concept shown in Figure 9. For comparison, the cooling requirements of an annular
engine were also determined and the results are given in Figure 10, which shows the
large reductions in cooling requirements (integrated over the engine length) for the
three-dimensional rectangular-module design (see refs. 7, 8, and 9). TFor this study
at M = 6, the small fraction of the total fuel-flow heat capacity needed for engine
cooling leaves most of the hydrogen heat sink available for airframe cooling. The

. large margin shown available for airframe cooling at M = 6 diminishes with increas-
ing Mach number due to growing engine-cooling requirements, however, studies have
shown that actively cooled cruise vehicles may be feasible up to Mach numbers of
9 to 10.

HYPERSONIC TRANSPORT STRUCTURE

Before addressing the prospects for actively cooled alrframes, first consider
the case for "hot" structures, which dispose of a major portion of the heat load
through radiation. Shown in Figure 11 is a "typical" temperature distribution for
upper and lower surfaces of an M= 8 HST wherein aerodynamic heating input is
balanced by radiation. The feasibility of the "hot" structure rests on the fact
that the radiation equilibrium temperatures of cruise vehicles tend to fall
within the possible working-temperature ranges of the so-called superalloys and the
refractory metals. A cross section of a radiation-cooled wing structure that has
evolved from research studies is shown in Figure 12. Here the primary structure is
made up of superalloys or refractory metals protected by both insulation and heat
shields. MaJjor strides toward solving the problems of thermal stress have been made
through the use of nonredundant structures and corregated shear webs (ref. 10). The
thin heat shields which protect the primary structure are typically 0.0l-inch to
0.02-inch thick and are attached to the primary structure by delicate clips in order
to minimize conduction effects and save weight. When the heat shields expand due to
high temperatures, sliding joints sealed by flexible bellows are necessary to prevent
hot boundary-layer air from leaking into the substructure and causing hot spots.

" Whether or not aircraft structures of this type can withstand the rigorous demands of
commercial aircraft operations and maintain long airframe lifetimes is yet to be
determined.

Having suggested the obvious difficulties of routine airline-type operation of
red-hot structures and having indicated the feasibility of scramjet engines with low
cooling requirements, it remains to be stated that realistic actively cooled
structures can be envisaged for the airframe of the hypersonic cruise aircraft. If
it were possible to cool the skin and primary structure of the aircraft to around
500° F, it would be possible to construct the aircraft of titanium, using current
materials and construction technology. Cooling the airframe to 200° F would not only
allow the hypersonic aircraft design to take advantage of years of experience in
bullding aluminum alloy airplanes, but would also open the door to the use.of boron-
aluminum composites. Preliminary studies (refs. 7 and 8) have in fact indicated that
an airframe cooling system using a secondary coolant which is circulated internally
in the airframe and used to carry the heat load from the airframe to a central
hydrogen-fuel-cooled heat exchanger is feasible and could reduce the airframe
temperature of a Mach 6 airplane to levels which would permit the use of titanium,
and, with limited heat shielding, the use of aluminum. The secondary coolant might
be a water-ethylene~glycol solution for aluminum alloy cooling or a silicone-base
fluid such as Dow-Corning DC-331 for titanium alloy cooling. A typical cooled
wing panel, shown in Figure 13, has been analyzed with respect to coolant-tube
spacing, temperature gradients, and coolant flow rates. The studies have shown
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(ref. 11} that the physical proportions of the entire cooling system are quite
reasonable (Fig. 14) and that the welght of the cooling system, including the
plumbing and heat exchanger, may be more than offset by the savings in the weight

of the alrframe, heat shields, and insulation, as shown in Figure 15. The coolant
(water-glycol) and its piping constitute the principal cooling system weight. Future
studies will consider design criteria and system reliability in detall and determine
the optimum panel concepts and secondary coolants for a variety of airframe materials,
including composites.

An area of concern to either "hot" or actively cooled structures will be the
contalnment of the LHp fuel at -4250 F. Two concepts being examined at Langley
are shown schematically in Figure 16. As shown in the sketch at the upper right for
one concept, the IH, tank is protected by a layer of insulation. Unless air is
prevented from coming into contact with the tank wall, cryopumping will occur, the
air will liquify, and run down the tank wall. This condensation of the air results
in high heat transfer to the fuel, reduces the effectiveness of the insulation, promotes
damage due to freezing and thawing, and, due to selective liquefication, may cause
a dangerous accumulation of liquid oxygen. In order to prevent air and moilsture from
entering the area, the space adjacent to the outer wall is pressurized with an inert
gas such as nitrogen. A portion of the insulation nearest the tank wall has a small
pore size to prevent the nitrogen from flowing down the tank wall and thus minimizes

cryopumplng.

Another concept, shown in the lower right portion of Figure 16, utilizes internal
as well as external insulation. In this case, the internal insulation maintains the
tank wall above the condensation temperature of air, however, cryogenic penetration
of the internal insulation must be prevented. Although not indicated in Figure 16,
an inert purging gas would probably be desirable for this concept when safety aspects
are considered.

HYPERSONIC TRANSPORT OPERATIONS
Environmental Effects

Supersonic flight of SST's over the United States was prohibited by the Congress
owing to the presumed unacceptability of the "sonic boom." An examination of the
sonlc-boon overpressures of aircraft of the SST welght class, shown as a function of
cruise Mach number (Fig. 17), gives insight into a promising HST feature. For

= 3, SST-type aircraft, sonic-boom overpressures in the range of 1.5 to 3.5 psf
are estimated; for HST-type alrcraft at M = 6 to 8 overpressures have decreased
to about 1 psf. Lower overpressures at hypersonic speeds follow principally from the
higher cruise altitudes of HST's (around 100,000 ft). Should these lower sonic-boom
overpressures be found acceptable when the advantages offered the air traveler by
hypersonic flight are weighed against environmental aspects, overland travel would be revo-
lutionized as shown in Figure 18. Since HST's would still have high sonic booms during the

“acceleration and climb to cruise altitude, these phases would be carried out over the

ocean before heading overland; likewise, the HST would decelerate and descend over
water. Transcontinental trips would require only one-third the time required for
subsonic aircraft and a flight from Los Angeles to Paris could be made -in around
2.5 hours,

Hydrogen-fueled alrcraft may be more attractive than fossil-fueled aircraft from
an ecological standpoint. A comparison of the environmental emissions of an HST and
a hydrocarbon-fueled SST is shown in Figure 19 and is expressed in pounds of emlttant
per mile., The HST will emit no carbon dioxide, no carbon monoxide, no solid particles,
or unburned hydrocarbons, and a smaller amount of nitric oxide than an SST - on the
other hand, it will emlt an amount of water vapor more than three times that for the
SST. It must be stated that the effects on the environment of release of water vapor
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in quanfities such as those from elther a fléeet of high-altitude SST's or HST's is
not known at the present time.

Economic Aspects

As was mentioned in the opening remarks, if the HST is to become a reality, it
must elther offer the traveler unique capabilities for which the traveler is willing
to pay a premium price or it must be economically competitive from a standpoint of
direct operating cost. Although the HST would offer tremendous timesavings and
convenience to the traveler, 1t is difficult to estimate passenger preference, par-
ticularly when connected to the purse string, therefore, one needs to compare direct
_ operating costs of large transports as is done in Figure 20 for a subsonic jet
(JP-fueled), an SST (JP-fueled), and & LH, fueled HST (ref. 4). The hashed
areas represent the cost of flight crew, insurance, maintenance, and depreciation,
vhile the open bars represent the cost of the fuel. An additional scale is shown on
the right which reflects the effect of the relative price of LH, on the direct
operating cost of the HST. Clearly, the economic competitiveness of the HST will be
largely a reflection of the price of LHp. It should be pointed out that the fuel
cost for the JP-fueled aircraft represent present-day prices. Consider next the fuel
price situation that might exist during the time period of the 1990's when the HST
might become operational. Figure 21 shows a comparison of the relative cost per Btu
of LHp as compared to JP fuel, for the past, present, and the future. With the
onset of the space industry, the increasing demand for LH, drove the price steadily
downward (data supplied to author by Vic Johnson, National Bureau of Standards, and
John E. Johnson, Linde Division, Union Carbide Corp.) to about 16 cents per pound at
present. Economic studies of hydrogen production (for example, refs. & and 12) have
indicated th#t by merely increasing the quantity of LH, production, further sizable
reductions in price would occur as shown by the hashed area. (An HST would typically
use 200,000 pounds LHo per flight.) Continual improvement in production methods
will also drive the price down. Electrolytically produced hydrogen might become
more economically feasible at some future date if electric-energy costs are drasti-
cally reduced. Though fossil fuel prices (ref. 13) have remalned fairly constant,
they are predicted to gradually rise (refs. 14 through 16) due to the depletion of
our reserves, lncreased cost of extraction, and our growing dependence upon imports.
These price increases are reflected in the hashed area representing JP fuel. The
cost of hydrocarbon fuels may rise even faster than shown if pressure from environ-
mentalists continues. In the time period of the 1990's the cost of LH, 1s seen to
be competitive with hydrocarbon fuel, particularly if other uses of hydrogen energy
(refs. 17 and 18) continue to receive broader attention, making hydrogen the fuel
of the future.

Technology Projection

Taken from reference 11, Figure 22 shows, from rather detailed system studies,
that a hot-structure hypersonic transport weighing 750,000 pounds and carrying 300
passengers, and using current technology, would have a range of 6000 miles. Our
detailed studies on the cooled structure permit realistic speculation on its potential
advantages for future vehicles. It isstatedin reference 11, that with cooling, a
15-percent structural welght reduction due to composites and a major reduction in
cryogenic-tankage-insulation weight can be postulated. In addition, a modest
10-percent gain in lift-drag ratio (L/D) through refinements such as area ruling,
twist, camber, and filleting has been included. A 12-percent increase in specific
impulse is also believed to be obtainable from increases in component efficiencies
over the nominal values used previously. And thus the 6000-nautical-mile range
obtained with the hot vehicle could be extended to over 10,000 nautical miles through
future technology, as seen in Figure 22. For comparison, the lesser gains estimated
on a comparable basis for a JP aireraft are also shown. Although the additional HST
performance is shown as an increase in range, which, from the previous discussion of

s
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future travel requirements may not be needed, this performance could be traded for
additional payload capability, nolse suppression, and other areas of concern.

A HYPERSONIC RESEARCH ATRPLANE

Finally, the case for a hypersonic research airplane, as stated by Becker and
Kirkham (ref. 11) is given. "Although promising new approaches are being pursued in
all the disciplines, there are of course several major deficlencies, chief among
which are the lack of a proven power plant and the lack of a proven practical struc-
tural concept. Probably the most serious deficiency is the absence of any real flight
vehicle development. Past experlence suggests that progress beyond the present stage
will be slow until the development of an actual vehicle is undertaken. 1In previous
sltuations of this kind where it is obviously too soon for a full-scale prototype,
the research airplane has been used to great advantage to provide the necessary focus,
stimulus, and resource levels. The X-15 program, for example, provided the first
great impetus to hypersonics and manned space flight technology.

"Figure 23 presents a concept and specifications for a small research alrplane
which can be thought of as a 1/3 scale version of the hypersonic transport. Air-
breathing research scramjet engines and wing panels which could embody a variety of
structural concepts are principal features. The vehicle would be capable of about
5 minutes cruise at Mach 8 either on its primary rockei propulsion or with the
research scramjets. Present technology would fully support the development of such
a vehicle. Both the analytical and the experimental tools are available. No new
national facilities would be needed.

"The technology base developed with a hypersonic research airplane would make it
possible to proceed with confidence to a full-scale prototype hypersonic transport or
other applications including airbreathing launch systems."
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LIQUID
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LIQUID DENSITY, Ib/ ft3 4.4 26.4 50.0

*JP - 4 HEAT SINK TO 375° F

Figure 3.- Comparison of fuel characteristics (from ref. 4).

Figure L. - Hypersonic air-breathing transport. :
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DEMONSTRATION OF PRACTICAL
LONG-LIVED STRUCTURAL CONCEPTS

INTEGRATED RESEARCH
SCRAMJET MODULES

® GROSS TAKE-OFF WEIGHT =~ (80000 Ib)

® LENGTH =~ (80 ft)-

® CONVENTIONAL TAKE-OFF AND LANDING

o MAXIMUM SPEED, M =8T0 12

® EXISTING ROCKET (PRIME PROPULSION)

® MODULAR RESEARCH AIRBREATHING ENGINES
® 5-MINUTE CRU1 SE AT MAXIMUM SPEED

Figure 23.- Research airplane concept and specifications.

N e ctt B et g

J—




MEMBERSHIP IN THE DIVISION Of‘ FUEL CHEMISTRY

The Fuel Chemistry Division of the American Chemical Society is an internationally
recognized forum for scientists, engineers, and technical economists concerned with
the conversion of fuels to energy, chemicals, or other forms of fuel. Its interests
center on the chemical problems, but definitely include the engineering and economic
aspects as well., Further, the Division is strengthening its coverage of areas of air
and water pollution, gasification, and related areas.

Any chemist, chemical engineer, geologist, technical economist, or other scientist
concerned with either the conventional fossil fuels, or the new high-energy fuels--
whether he be in government, industry, or independent professional organization--
would benefit greatly from participation in the progress of the Fuel Chemistry
Division.

The Fuel Chemistry Division offers at least two annual programs of symposia and gen-
eral papers, extending over several deys, usually at National Meetings of the American
Chemical Society. These include the results of research, development, and analysis in
the many fields relating to fuels which are so vital in today's energy-dependent economy.
Members of the Division have the opportunity to present papers of their own, or partici-
pate in discussions with experts in their field. Most important, the Fuel Chemistry
Division provides a permanent record of all of this material in the form of preprints,
which are sent free to all members several weeks before each meeting.

Symposia of significant content and broad interest have been published as part of the
Advances in Chemistry Series and by other scientific book publishers. lLandmark sym-
posia on Fuel Cells, Advanced Propellant Chemistry, Gasification, and Spectrometry are
already in print. When these volumes are availeble they are usually offered first to
Division members at greatly reduced cost.

In addition to receiving several volumes of preprints each year, as well as regular
news of Division activities, benefits of membership ineclude: (1) Reduced subscription
rates for "Fuel" and "Combustion and Flame," (2) Reduced rates for volumes in the
"Advances in Chemistry Series" based on Division symposia, and (3) The receipt card
sent in acknowledgment of Division dues is good for $1.00 toward a complete set of

_abstracts of all papers presented at each of the National Meetings.

To join the Fuel Chemistry Division as a regular member, one must also be or become a
member of the American Chemical Society. Those not eligible for ACS membership because
they are not practicing scientists, engineers, or technical economists in areas re-
lated to chemistry, can become Division Affiliates. They receive all benefits of a
regular membér except that they cannot vote, hold office, or present other than invited
papers. Affiliate membership is of particular value to those in the information and
library sciences who must maintain awareness of the fuel area. Non-ACS scientists
active in the fuel area and living outside of the United States are also invited to
become Division Affiliates.

Membership in the Fuel Chemistry Division costs only $4.00 per year, or $11.00 for
three years, in addition to ACS membership. The cost for a Division Affiliate, with-
out joining ACS, is $10.00 per year. TFor further information write to:

Dr. Harold L. Lovell
Secretary-Treasurer

ACS Division of Fuel Chemistry
Pennsylvania State University

109 Mineral Industries Building
University Park, Pennsylvania 16802
Telephone: Area 814 - 865-2372
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